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PREFACE. 


The  work  here  offered  to  the  Public  is  based  upon  and  may 
be  considered  as  an  extension,  and,  it  is  hoped,  an  improvement 
of  a  treatise  on  the  same  subject,  forming  Part  43  of  the  Cabi- 
net  Cjclopsedia,  published  in  the  year  1833.  Its  object  and 
general  character  are  sufficiently  stated  in  the  introductory 
chapter  of  that  volume,  here  reprinted  with  little  alteration ; 
but  an  opportunity  having  been  afforded  me  by  the  Proprietors, 
preparatory  to  its  re-appearance  in  a  form  of  more  pretension, 
I  have  gladly  availed  myself  of  it,  not  only  to  correct  some 
errors  which,  to  my  regret,  subsisted  in  the  former  volume,  but 
to  remodel  it  altogether  (though  in  complete  accordance  with 
its  original  design  as  a  work  of  explanation) ;  to  introduce 
much  new  matter  in  the  earlier  portions  of  it;  to  re-write, 
upon  a  far  more  matured  and  comprehensive  plan,  the  part 
relating  to  the  lunar  and  planetary  perturbations,  and  to  bring 
the  subjects  of  sidereal  and  nebular  astronomy  to  the  level  of 
the  present  state  of  our  knowledge  in  those  departments. 

The  chief  novelty  in  the  volume,  as  it  now  stands,  will  be 
found  in  the  manner  in  which  the  subject  of  Perturbations  is 
treated.  It  is  not — it  cannot  be  made  elementary^  in  the  sense 
in  which  that  word  is  understood  in  these  days  of  light  reading. 
The  chapters  devoted  to  it  must,  therefore,  be  considered  as 
addressed  to  a  class  of  readers  in  possession  of  somewhat  morq 
mathematical  knowledge  than  those  who  will  find  the  rest  of 
the  work  readily  and  easily  accessible ;  to  readers  desirous  of 
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preparing  themselyes,  bj  the  possession  of  a  sort  of  carte  du 
pat/8y  for  a  campaign  in  the  most  difficult,  but  at  the  same  time 
the  most  attractive  and  the  most  remunerative  of  all  the  appli* 
cations  of  modern  geometry.  More  especially  they  may  be 
considered  as  addressed  to  students  in  that  university,  where 
the  "Principia"  of  Newton  is  not,  nor  ever  will  be,  put  aside 
as  an  obsolete  book,  behind  the  age;  and  where  the  grand 
though  rude  outlines  of  the  lunar  theory,  as  delivered  in  the 
eleventh  section  of  that  immortal  work,  are  studied  less  for  the 
sake  of  the  theory  itself  than  for  the  spirit  of  far-reaching 
thought,  superior  to  aiid  disencumbered  of  technical  aids,  which 
distinguishes  that  beyond  any  other  production  of  the  human 
.intellect. 

In  delivering  a  rational  as  distinguished  from  a  technical 
exposition  of  this  subject,  however,  the  course  pursued  by 
Newton,  in  the  section  of  the  Principia  alluded  to,  has  by  no 
means  been  servilely  followed.  As  regards  the  perturbations 
of  the  nodes  and  inclinations,  indeed,  nothing  equally  luminous 
can  ever  be  substituted  for  his  explanation.  But  as  respects 
the  other  disturbances,  the  point  of  view  chosen  by  Newton  has 
been  abandoned  for  another,  which  it  is  somewhat  difficult  to 
perceive  why  he  did  not,  himself,  select.  By  a  diflFerent  reso- 
lution of  the  disturbing  forces  from  that  adopted  by  him,  and 
by  the  aid  of  a  few  obvious  conclusions  from  the  laws  of  elliptic 
motion  which  would  have  found  their  place,  naturally  and  con- 
secutively, as  corollaries  of  the  seventeenth  proposition  of  his 
first  book  (a  proposition  which  seems  almost  to  have  been  pre- 
pared with  a  special  view  to  this  application),  the  momentary 
change  of  place  of  the  upper  focus  of  the  disturbed  ellipse  is 
brought  distinctly  under  inspection ;  and  a  clearness  of  concep- 
tion introduced  into  the  perturbations  of  the  exccntricities, 
perihelia,  and  epochs  whith  the  author  does  not  think  it  pre- 
sumption to  believe  can  be  obtained  by  no  other  method,  and 
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irhioh  certainly  is  not  obtained  by  that  from  which  it  is  a 
departure.  It  would  be  out  of  keeping  with  the  rest  of  the 
work  to  have  introduced  into  this  part  of  it  any  algebraic 
investigations ;  else  it  would  have .  been  easy  to  show  that  the 
mode  of  procedure  here  followed  leads  direct,  and  by  steps  (for 
the  subject)  of  the  most  elementary  character,  to  the  general 
formulse  for  these  perturbations,  delivered  by  Laplace  in  the 
Mdcanique  C^este.* 

The  reader  will  find  one  class  of  the  lunar  and  planetary 
inequalities  handled  in  a  very  different  manner  from  that  in 
which  their  explanation  is  usually  presesfted.  It  comprehends 
those  which  are  characterized  as  incident  on  the  epoch,  the 
principal  among  them  being  the  annual  and  secular  equations 
of  the  moon,  and  that  very  delicate  and  obscure  part  of  the 
perturbational  theory  (so  little  satisfactory  in  the  manner  in 
which  it  emerges  from  the  analytical  treatment  of  the  subject,) 
the  constant  or  permanent  effect  of  the  disturbing  force  in 
altering  the  disturbed  orbit.  I  will  venture  to  hope  that  what 
is  here  stated  will  tend  to  remove  some  rather  generally  dif- 
fused misapprehensions  as  to  the  true  bearings  of  Newton's 
explanation  of  the  annual  equation,  f 

If  proof  were  wanted  of  the  inexhaustible  fertility  of  astro- 
nomical science  in  points  of  novelty  and  interest,  it  would 
suffice  to  adduce  the  addition  to  the  list  of  members  of  our 
system  of  no  less  than  eight  new  planets  and  satellites  during 
the  preparation  of  these  sheets  for  the  press.  Among  them  is 
one  whose  discovery  must  ever  be  regarded  as  one  of  the  noblest 
triumphs  of  theory.  In  the  account  here  given  of  this  dis- 
covery, I  trust  to  have  expressed  myself  with  complete  impar- 
tiality; and  in  the  exposition  of  the  perturbative  action  on 
Uranus,  by  which  the  existence  and  situation  of  the  disturbing 
planet  became  revealed  to  us,  I  have  endeavoured,  in  pursuance 

*  Livre  iL  chap*  Tiii.  art  67.        j*  Principiai  lib.  i.  prop.  66|  cor.  6. 
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of  the  general. plan  of  this  Trork,  rather  to  exhibit  a  rational 
view  of  the  dynamical  action,  than  to  convey  the  slightest  idea 
of  the  conduct  of  those  masterpieces  of  analytical  skill  which 
the  researches  of  Messrs.  Leverrier  and  Adams  exhibit. 

To  the  latter  of  these  eminent  geometers,  as  well  as  to  my 
excellent  and  esteemed  friend  the  Astronomer  Royal,  I  have 
to  return  my  best  thanks  for  communications  which  would  hare 
effectually  reliered  some  doubts  I  at  one  period  entertained 
had  I  not  succeeded  in  the  interim  in  getting  clear  of  them  as 
to  the  compatibility  of  my  views  on  the  subject  of  the  annual 
equation  already  alluded  to,  with  the  tenor  of  Newton's  account 
of  it.  To  my  valued  friend,  Professor  De  Morgan,  I  am  in- 
debted for  some  most  ingenious  suggestions  on  the  subject  of 
the  mistakes  committed  in  the  early  working  of  the  Julian 
reformation  of  the  calendar,  of  which  I  should  have  availed 
myself,  had  it  not  appeared  preferable,  on  mature  considera- 
tion, to  present  the  subject  in  its  simplest  form,  avoiding  alto- 
gether entering  into  minutiae  of  chronological  discussion. 

J.  F.  W,  Herscheij. 

Coinngwood,  April  12, 1849. 
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INTRODUCTION. 

(1.)  EvEBY  student  who  enters  upon  a  scientific  pursuit,  espe- 
cially if  at  a  somewhat  advanced  period  of  life,  will  find  not  only 
that  he  has  much  to  learn,  but  much  also  to  unlearn.  Familiar 
objects  and  events  are  far  from  presenting  themselves  to  our 
senses  in  that  aspect  and  with  those  connections  under  which 
science  requires  them  to  be  viewed,  and  which  constitute  their 
rational  espplanation.  There  is,  therefore,  every  reason  to  expect 
that  those  objects  and  relations  which,  taken  together,  constitute 
the  subject  he  is  about  to  enter  upon  will  have  been  previously 
apprehended  by  him,  at  least  imperfectly,  because  much  has 
hitherto  escaped  his  notice  which  is  essential  to  its  right  under- 
standing :  and  not  only  so,  but  too  often  also  erroneously,  owing 
to  mistaken  analogies,  and  the  general  prevalence  of  vulgar  errors. 
As  a  first  preparation,  therefore,  for  the  course  he  is  about  to  com- 
mence, he  must  loosen  his  hold  on  all  crude  and  hastily  adopted 
notions,  and  must  strengthen  himself,  by  something  of  an  effort 
and  a  resolve,  for  the  unprejudiced  admission  of  any  conclusion 
which  shall  appear  to  be  supported  by  careful  observation  and 
logical  argument,  even  should  it  prove  of  a  nature  adverse  to 
notions  he  may  have  previously  formed  for  himself,  or  taken  up, 
without  examination,  on  the  credit  of  others.  Such  an  effort  is, 
in  fact,  a  commencement  of  that  intellectual  discipline  which 
forms  one  of  the  most  important  ends  of  all  science.    It  is  the 
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first  movemait  of  approach  towards  that  state  of  mental  purity 
which  alone  can  fit  us  for  a  full  and  steady  perception  of  moral 
beauty  as  well  as  physical  adaptation.  It  is  the  <<  euphrasy  and 
rue"  with  which  we  must  «  purge  our  sight"  before  we  can  re- 
ceive and  contemplate  as  they  are  the  lineaments  of  truth  and 
nature. 

(2.)  There  is  no  science  which,  more  than  astronomy,  stands 
in  need  of  such  a  preparation,  or  draws  more  largely  on  that  in- 
tellectual liberality  which  is  ready  to  adopt  whatever  is  demon- 
strated, or  concede  whatever  is  rendered  highly  probable,  how- 
ever new  and  uncommon  the  points  of  view  may  be  b  which 
objects  the  most  familiar  may  thereby  become  placed.  Almost 
all  its  conclusions  stand  in  open  and  striking  contradiction  with 
those  of  superficial  and  vulgar  observation,  and  with  what  ap- 
pears to  every  one,  until  he  has  understood  and  weighed  the 
proofs  to  the  contrary,  the  most  positive  evidence  of  his  senses. 
Thus,  the  earth  on  which  he  stands^  and  which  has  served  for 
ages  as  the  unshaken  foundation  of  the  firmest  structures,  either 
of  art  or  nature,  is  divested  by  the  astronomer  of  its  attribute  of 
fixity,  and  conceived  by  him  as  turning  swiftly  on  its  centre,  and 
at  the  same  time  moving  onwards  through  space  with  great 
rapidity.  The  sun  and  the  moon,  which  appear  to  untaught  eyes 
round  bodies  of  no  very  considerable  size,  become  enlarged  in 
his  imagination  into  vast  globes, — ^the  one  approaching  in  magni- 
tude to  the  earth  itself,  the  other  immensely  surpassing  it.  The 
planets,  which  appear  only  as  stars  somewhat  brighter  than  the 
rest,  are  to  bim  spacious,  elaborate,  and  habitable  worlds ;  several 
of  them  much  greater  and  far  more  curiously  fiimished  than  the 
earth  he  inhabits,  as  there  are  also  others  less  so ;  and  the  stars 
themselves,  properly  so  called,  which  to  ordinary  apprehension 
present  only  lucid  sparks  or  brilliant  atoms,  are  to  him  suns  of 
various  and  transcendent  glory — effulgent  centres  of  life  and  light 
to  myriads  of  unseen  worlds.  So  that  when,  after  dilating  his 
thoughts  to  comprehend  the  grandeur  of  those  ideas  his  calcula- 
tions have  called  up,  and  exhausting  his  imagination  and  the 
powers  of  his  language  to  devise  similes  and  metaphors  illustra- 
tive of  the  immensity  of  the  scale  on  which  his  universe  is  con- 
structed, he  shrinks  back  to  his  native  sphere ;  he  finds  it,  in 
comparison,  a  mere  point ;  so  lost — even  in  the  minute  system 
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to  whicb  it  beloDgs — as  to  be  inyisible  and  unsuspected  from 
some  of  its  principal  and  remoter  members. 

(3.)  There  is  hardly  any  thing  which  sets  in  a  stronger  light 
the  inherent  power  of  truth  oyer  the  mind  of  man,  when  opposed 
by  no  motives  of  interest  or  passion,  than  the  perfect  readiness 
^th  which  all  these  conclusions  are  assented  to  as  soon  as  their 
evidence  is  clearly  apprehended,  and  the  tenacious  hold  they  ac- 
quire over  our  belief  when  once  admitted.  In  the  conduct,  there- 
fore, of  ibis  volume,  I  shall  take  it  for  granted  that  the  reader  is 
more  desirous  to  learn  the  system  which  it  is  its  object  to  teach 
as  it  now  stands,  than  to  raise  or  revive  objections  against  it ;  and 
that,  in  short,  he  comes  to  the  task  with  a  willing  mind ;  an  as- 
sumption which  will  not  only  save  the  trouble  of  piling  argument 
on  argument  to  convince  the  sceptical,  but  will  greatly  facilitate 
his  actual  progress;  inasmuch  as  he  vnll  find  it  at  once  easier  and 
more  satisfactory  to  pursue  from  the  outset  a  straight  and  definite 
path,  than  to  be  constantly  stepping  aside,  involving  himself  in 
perplexities  and  circuits,  which,  after  all,  can  only  terminate  in 
finding  himself  compelled  to  adopt  the  same  road. 

(4.)  The  method,  therefore,  we  propose  to  follow  in  this  work 
is  neither  strictly  the  analytic  nor  the  synthetic,  but  rather  such  a 
combination  of  both,  with  a  leaning  to  the  latter,  as  may  best 
suit  with  a  didadic  composition.  Its  object  is  not  to  convince  or 
refute  opponents,  nor  to  inquire,  under  the  semblance  of  an  as- 
sumed ignorance,  for  principles  of  which  we  are  all  the  time  in 
full  possession — ^but  simply  to  teach  what  is  knoum.  The  moderate 
limit  of  a  single  volume,  to  which  it  will  be  confined,  and  the 
necessity  of  being  on  every  point,  within  that  limit,  rather  diffuse 
and  copious  in  explanation,  as  well  as  the  eminently  matured  and 
ascertained  character  of  the  science  itself,  render  this  course  both 
practicable  and  eligible.  Practicable,  because  there  is  now  no 
danger  of  any  revolution  in  astronomy,  like  those  which  are  daily 
changing  the  features  of  the  less  advanced  sciences,  supervening, 
to  destroy  all  our  hypotheses,  and  throw  our  statements  into  con- 
fusion. Eligible,  because  the  space  to  be  bestowed,  either  in 
combating  refuted  systems,  or  in  leading  the  reader  forward  by 
slow  and  measured  steps  from  the  known  to  the  unknown,  may 
be  more  advantageously  devoted  to  such  explanatory  illustrations 
as  will  impress  on  him  a  familiar  and,  as  it  were,  a  practical  sense 


20  OUTLINES  OP  ABTBONOlfT. 

of  the  sequence  of  phenomena,  and  the  manner  in  which  they 
are  produced.  We  shall  not,  then,  reject  the  analytic  course 
where  it  leads  more  easily  and  directly  to  our  objects,  or 
in  any  way  fetter  ourselves  by  a  rigid  adherence  to  method. 
Writing  only  to  be  understood,  and  to  communicate  as  much  in- 
formation in  as  little  space  as  possible,  consistently  with  its  distinct 
and  ^ectual  communicatiqn,  no  sacrifice  can  be  afibrded  to  sys- 
tem, to  form,  or  to  affectation. 
/  (5.)  We  shall  take  for  granted,  from  the  outset,  the  Copemican 
/  system  of  the  world ;  relying  on  the  easy,  obvious,  and  natural 
explanation  it  afibrds  of  all  the  phenomena  as  they  come  to  be 
described,  to  impress  the  student  with  a  sense  of  its  truth,  with- 
out either  the  formality  of  demonstration  or  the  superfluous  tedium 
of  eulogy,  calling  to  mind  that  important  remark  of  Bacon : — 
«  Theoriarum  vires,  arcta  et  quasi  se  mutuo  sustinente  partium 
adaptationeiquft  quasi  in  orbem  cohaerent,  firmantur*;"  not  fail* 
ing,  however,  to  point  out  to  the  reader,  as  occasion  offers,  the 
contrast  which  its  superior  simplicity  offers  to  the  complication  of 
other  hypotheses. 

(6.)  The  preliminary  knowledge  which  it  is  desirable  that  the 
student  should  possess,  in  order  for  the  more  advantageous  pe- 
rusal of  the  following  pages,  consists  in  the  familiar  practice  of 
decimal  and  sexagesimal  arithmetic :  some  moderate  acquaintance 
with  geometry  and  trigonometry,  both  plane  and  spherical :  the 
elementary  principles  of  mechanics:  and  enough  of  optics  to 
understand  the  construction  and  use  of  the  telescope,  and  some 
other  of  the  simpler  instruments.  Of  course,  the  more  of  such 
knowledge  he  brings  to  the  perusal,  the  easier  will  be  his  pro- 
gress, and  the  more  complete  the  information  gained :  but  we  shall 
endeavour  in  every  case,  as  far  as  it  can  be  done  without  a  sacri- 
fice of  clearness,  and  of  that  useful  brevity  which  consists  in  the 
absence  of  prolixity  and  episode,  to  render  what  we  have  to  say 
as  independent  of  other  books  as  possible. 

(7.)  Afier  all,  I  must  distinctly  caution  such  of  my  readers  as 
may  commence  and  terminate  their  astronomical  studies  with  the 

*  -«  The  oonfimiatioin  of  theories  relies  on  the  compact  adaptation  of  thetr  parts, 
hy  which,  like  those  of  an  arch  or  dome,  they  mutually  sustain  each  other,  and 
form  a  coherent  whole.**  This  is  what  Dr.  Whewell  ezpreesiyely  tenns  the  oon- 
nUenet  oH  inductioos. 
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present  work  (though  of  such, — at  least  in  the  latter  predicament, — 
I  trust  the  number  will  be  few),  that  its  utmost  pretension  is  to 
place  them  on  the  threshold  of  this  particular  wing  of  the  temple 
of  Science,  or  rather  on  an  eminence  exterior  to  it,  whence  they 
may  obtam  something  like  a  general  notion  of  its  structure ;  or, 
at  most,  to  give  those  who  may  wish  to  enter  a  ground-plan  of 
its  accesses,  and  put  them  in  possession  of  the  pass-word.  Admis- 
sion to  its  sanctuaiy,  and  to  the  privileges  and  feelings  of  a  votary, 
isr  only  to  be  gained  by  one  means, — sound  and  st^/icient  knoW" 
ledge  of  maihematicsj  the  great  instrument  of  aU  exact  inquiry, 
toUhout  which  no  man  can  ever  make  such  advances  in  this  or  any 
other  of  the  higher  departments  of  science  as  can  entitle  him  to 
form  an  independent  opinion  on  any  subject  of  discussion  within 
their  range.  It  is  not  without  an  effort  that  those  who  possess 
this  knowledge  can  communicate  on  such  subjects  with  those  who 
do  not,  and  adapt  their  language  and  their  illustrations  to  tl^e 
necessities  of  such  an  intercourse.  Propositions  which  to  the  one 
are  almost  identical,  are  theorems  of  import  and  difficulty  to  the 
other ;  nor  is  their  evidence  presented  in  the  same  way  to  the 
mind  of  each.  In  teaching  such  propositions,  under  such  circum- 
stances, the  appeal  has  to  be  made,  not  to  the  pure  and  abstract 
reason,  but  to  the  sense  of  analogy — to  practice  and  experience : 
principles  and  modes  of  action  have  to  be  established  not  by 
direct  argument  from  acknowledged  axioms,  but  by  continually 
recurring  to  the  sources  from  which  the  axioms  themselves  have 
been  drawn ;  viz.  examples ;  that  is  to  say,  by  bringing  forward 
and  dwelling  on  simple  and  familiar  instances  in  which  the  same 
principles  and  the  same  or  similar  modes  of  action  take  place  : 
thus  erecting,  as  it  were,  in  each  particular  case,  a  separate 
induction,  and  constructing  at  each  step  a  little  body  of  science 
to  meet  its  exigencies.  The  difference  is  that  of  pioneering  a 
road  through  an  untraversed  country  and  advancing  at  ease  along 
a  broad  and  beaten  highway ;  that  is  to  say,  if  we  are  determined 
to  make  ourselves  distinctly  understood,  and  will  appeal  to  reason 
at  all.  As  for  the  method  of  etssertion^  or  a  direct  demand  on 
the  faith  of  the  student  (though  in  some  complex  cases  indis- 
pensable, where  illustrative  explanation  would  defeat  its  own  end 
by  becoming  tedious  and  burdensome  to  both  parties),  it  is  one 
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which  I  shall  neither  willingly  adopt  nor  would  recommend  to 
others. 

(8.)  On  the  other  hand,  although  it  is  something  new  to  aban* 
don  the  road  of  mathematical  demonstration  in  the  treatment  of 
subjects  susceptible  of  it,  and  to  teach  any  considerable  branch 
of  science  entirely  or  chiefly  by  the  way  of  illustration  and  familiar 
parallels,  it  is  yet  not  impossible  that  those  who  are  already  well 
acquainted  with  our  subject,  and  whose  knowledge  has  been 
acquired  by  that  confessedly  higher  practice  which  is  incompatible 
with  the  avowed  objects  of  the  present  work,  may  yet  find  their 
account  in  its  perusal, — for  this  reason,  that  it  is  always  of  advan- 
tage to  present  any  given  body  of  knowledge  to  the  mind  in  as 
great  a  variety  of  different  lights  as  possible.  It  is  a  property  of 
illustrations  of  this  kind  to  strike  no  two  minds  in  the  saipe  man- 
ner, or  with  the  same  force,  because  no  two  minds  are  stored 
with  the  same  images,  or  have  acquired  their  notions  of  them  by 
similar  habits.  Accordingly,  it  may  very  well  happen,  that  a 
proposition,  even  to  one  best  acquainted  with  it,  may  be  placed 
not  merely  in  a  new  and  uncommon,  but  in  a  more  impressive 
and  satisfactory  light  by  such  a  course — some  obscurity  may  be 
dissipated,  some  inward  misgivings  cleared  up,  or  even  some 
links  supplied  which  may  lead  to  the  perception  of  connections 
and  deductions  altogether  unknown  before.  And  the  probability 
of  this  is  increased  when,  as  in  the  present  instance,  the  illustra- 
tions chosen  have  not  been  studiously  selected  from  books,  but 
are  such  as  have  presented  themselves  freely  to  the  author's  mind 
as  being  most  in  harmony  with  his  own  views ;  by  which,  of 
course,  he  means  to  lay  no  claim  to  originality  in  all  or  any  of 
them  beyond  what  they  may  really  possess. 

(9.)  Besides,  there  are  cases  in  the  application  of  mechanical 
principles  with  which  the  mathematical  student  is  but  too  famil- 
iar, where,  when  the  data  are  before  him,  and  the  numerical  and 
geometrical  relations  of  his  problems  all  clear  to  his  conception, — 
when  his  forces  are  estimated  and  his  lines  measured, — nay, 
when  even  he  has  followed  up  the  application  of  his  technical 
processes,  and  fairly  arrived  at  his  conclusion, — there  is  still 
something  wanting  in  his  mind — not  in  the  evidence,  for  he  has 
examined  each  link,  and  finds  the  chain  complete — ^not  in  the 
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principles,  for  those  he  well  knows  are  too  firmly  established  to 
be  shaken — but  precisely  in  the  mode  qfaction*  He  has  followed 
out  a  train  of  reasoning  by  logical  and  technical  rules,  but  the 
signs  he  has  employed  are  not  pictures  of  nature,  or  have  lost 
dieir  original  meaning  as  such  to  his  mind :  he  has  not  seen,  as  it 
were,  the  process  of  nature  passing  under  his  eye  in  an  instant  of 
time,  and  presented  as  a  consecutive  whole  to  his  imagination. 
A  familiar  parallel,  or  an  illustration  drawn  from  some  artificial  or 
natural  process,  of  which  he  has  that  direct  and  individual  impres- 
sion  which  gives  it  a  reality  and  associates  it  with  a  name,  will, 
in  almost  every  such  case,  supply  in  a  moment  this  deficient 
feature,  will  convert  all  his  symbols  into  real  pictures,  and  infuse 
an  animated  meanmg  into  what  was  before  a  lifeless  succession 
of  words  and  signs.  I  cannot,  indeed,  always  promise  myself  to 
attain  this  degree  of  vividness  of  illustration,  nor  are  the  points  to 
be  elucidated  themselves  always  capable  of  being  so  paraphrased 
(if  I  may  use  the  expression)  by  any  single  instance  adducible  in 
the  ordinary  course  of  experience ;  but  the  object  will  at  least  be 
kept  in  view ;  and,  as  I  am  very  conscious  of  havbg,  in  making 
such  attempts,  gained  for  myself  much  clearer  views  of  several  of 
the  more  concealed  effects  of  planetary  perturbation  than  I  had 
acquired  by  their  mathematical  investigation  in  detail,  it  may 
reasonably  be  hoped  that  the  endeavour  will  not  always  be  unat- 
tended with  a  similar  success  in  others. 

(10.)  From  what  has  been  said,  it  will  be  evident  that  our  aim 
is  not  to  offer  to  the  public  a  technical  treatise,  in  which  the 
student  of  practical  or  theoretical  astronomy  shall  find  consigned 
the  minute  description  of  methods  of  observation,  or  the  formulae 
he  requires  prepared  to  hisi  hand,  or  their  demonstrations  drawn 
out  in  detail.  In  all  these  the  present  work  will  be  found  meagre, 
and  quite  inadequate  to  his  wants.  Its  aim  is  entirely  different ; 
being  to  present  in  each  case  the  mere  ultimate  rationale  of  facts, 
arguments,  and  processes;  and, in  all  cases  of  mathemadcal  appli- 
cation, avoiding  whatever  would  tend  to  incumber  its  pages  with 
algebraic  or  geometrical  symbols,  to  place  under  his  inspection 
that  central  thread  of  common  sense  on  which  the  pearls  of 
analytical  research  are  invariably  strung,  but  which,  by  die  atten- 
tion the  latter  claim  for  themselves,  is  often  concealed  from  the 
eye  of  the  gazer,  and  not  always  disposed  in  the  straightest  and 
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most  conyenient  form  to  follow  by  those  who  string  them.  This 
is  no  fault  of  those  who  have  conducted  the  inquiries  to  which 
we  allude.  The  contention  of  mind  for  which  they  call  is  enor- 
mous ;  and  it  may,  perhaps,  be  owing  to  their  esperience  of  how 
liUk  can  be  accomplished  in  carrying  such  processes  on  to  their 
conclusion,  by  mere  ordimry  cUamesa  of  head;  and  how  necessary 
it  often  is  to  pay  more  attention  to  the  purely  mathematical  con- 
ditions which  ensure  success, — ^the  hooks-and-eyes  of  their  equa- 
tions and  8eries,»than  to  those  which  enchain  causes  with  their 
effects,  and  both  with  the  human  reason, — that  we  must  attribute 
something  of  that  indistinctness  of  view  which-  is  often  complained 
of  as  a  grievance  by  the  earnest  student,  and  still  more  commonly 
ascribed  ironically  to  the  native  cloudiness  of  an  atmosphere  too 
sublime  for  vulgar  comprehension.  We  think  we  shall  render 
good  service  to  both  classes  of  readers,  by  dissipating,  so  ftir  as 
lies  in  our  power,  that  accidental  obscurity,  and  by  showing 
ordinary  untutored  comprehension  clearly  what  it  can^  and  what 
it  cannotf  hope  to  attain. 
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(11.)  The  magnitudes,  distances,  arrangement,  and  motions  of 
the  great  bodies  which  make  up  the  risible  universe,  their  con- 
stitution and  physical  condition,  so  far  as  they  can  be  known  to 
us,  with  their  mutual  influences  and  actions  on  each  other,  so  far 
as  they  can  be  traced  by  the  effects  produced,  and  established  by 
legitimate  reasoning,  form  the  assemblage  of  objects  to  which  the 
attention  of  the  astronomer  is  directed.  The  term  astronomy* 
itself,  which  denotes  the  law  or  rule  of  the  astra  (by  which  the 
ancients  understood  not  only  the  stars  properly  so  called,  but  the 
sun,  the  moon,  and  all  the  visible  constituents  of  the  heavens), 
sufficiently  indicates  this ;  and,  although  the  term  astrology,  which 
denotes  the  reasanj  theory ,  or  interpretation  of  the  stars,!  has 
become  degraded  in  its  application,  and  confined  to  superstitious 
and  delusive  attempts  to  divine  future  events  by  their  dependence 
on  pretended  planetary  influences,  the  same  meaning  originally 
attached  itself  to  that  epithet. 

*  Aistiipf  a  star  g  vofw^t  a  law  /  or  ptfuwt  to  tend,  m  a  fhepfaerd  lus  flock ;  to 
that  cwFf  poK^io;  meaof  «<  iliepheid  of  the  aUnJ*    The  two  etymologiee  are,  how-   / 
ever,  comddent  / 

t  Aoyo$,  reofofi,  or  a  tvordt  the  vehicle  of  reaeon ;  the  mterpreter  of  bought 
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(12.)  But,  besides  the  stars  and  other  celestial  bodies,  the  earth 
itself,  regarded  as  an  individual  body,  is  one  principal  object  of 
the  astronomer's  consideration,  and,  indeed,  the  chief  of  aJL  It 
derives  its  importance,  in  a  practical  as  well  as  theoretical  sense, 
not  only  from  its  proximity,  and  its  relation  to  us  as  animated 
beings,  who  draw  from  it  the  supply  of  all  our  wants,  but  as  the 
station  from  which  we  see  all  the  rest,  and  as  the  only  one  among 
them  to  which  we  can,  in  the  first  instance,  refer  for  any  deter- 
minate marks  and  measures  by  which  to  recognize  their  changes 
of  situation,  or  with  which  to  compare  their  distances. 

(13.)  To  the  reader  who  now  for  the  first  time  takes  up  a  book 
on  astronomy,  it  will  no  doubt  seem  strange  to  cla^  the  earth 
with  the  heavenly  bodies,  and  to  assume  any  community  of  nature 
among  things  apparently  so  difierent.  For  what,  in  fact,  can  be 
more  apparently  different  than  the  vast  and  seemingly  immeasura- 
ble extent  of  the  earth,  and  the  stars,  which  appear  but  as  points, 
and  seem  to  have  no  size  at  all?  The  earth  is  dark  and  opaque, 
while  the  celestial  bodies  are  brilliant.  We  perceive  in  it  no 
motion,  while  in  them  we  observe  a  continual  change  of  place, 
as  we  view  them  at  difierent  hours  of  the  day  or  night,  or  at 
difierent  seasons  of  the  year.  The  ancients,  accordingly,  one  or 
two  of  the  more  enlightened  of  them  only  excepted,  admitted  no 
such  community  of  nature;  and,  by  thus  placing  the  heavenly 
bodies  and  their  movements  without  the  pale  of  analogy  and  ex- 
perience, efiectually  intercepted  the  progress  of  all  reasoning  from 
what  passes  here  below,  to  what  is  going  on  in  the  regions  where 
they  exist  and  move.  Under  such  conventions,  astronomy,  as  a 
science  of  cause  and  efiect,  could  not  exist,  but  must  be  limited 
to  a  mere  registry  of  appearances,  unconnected  with  any  attempt 
to  account  for  them  on  reasonable  principles,  however  successful 
to  a  certain  extent  might  be  the  attempt  to  follow  out  their  order 
of  sequence,  and  to  establish  empirical  laws  expressive  of  this 
order.  To  get  rid  of  this  prejudice,  therefore,  is  the  first  step 
towards  acquiring  a  knowledge  of  what  is  really  the  case ;  and 
the  student  has  made  his  first  eflbrt  towards  the  acquisition  of 
sound  knowledge,  when  he  has  learnt  to  femiliarize  himself  with 
the  idea  that  the  earth,  after  all,  may  be  nothing  but  a  great  star. 
How  correct  such  an  idea  may  be,  and  with  what  limitations  and 
modifications  it  is  to  be  admitted,  we  shall  see  presently. 
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(14.)  It  is  evident,  that,  to  form  any  just  notions  of  the  arrange- 
ment,  in  space,  of  a  number  of  objects  which  we  cannot  approach 
and  examine,  but  of  which  all  the  information  we  can  gain  is  by 
sitting  still  and  watching  their  evolutions,  it  must  be  very  import- 
ant for  us  to  know,  in  the  first  instance,  whether  what  we  call 
sitting  still  is  really  such :  whether  the  station  from  which  we 
view  them,  with  ourselves,  and  all  objects  which  immediately 
surround  us,  be  not  itself  in  motion,  unperceived  by  us  ;  and  if 
so,  of  what  nature  that  motion  is.  The  apparent  places  of  a 
number  of  objects,  and  their  apparent  arrangement  with  respect 
to  each  other,  will  of  course  be  materially  dependent  on  the 
situation  of  the  spectator  among  them ;  and  if  this  situation  be 
liable  to  change,  unknown  to  the  spectator  himself,  an  appearance 
of  change  in  the  respective  situations  of  the  objects  will  arise, 
without  the  reality.  If,  then,  such  be  actually  the  case,  it  will 
follow  that  all  the  movements  we  think  we  perceive  among  the 
stars  will  not  be  real  movements,  but  that  some  part,  at  least,  of 
whatever  changes  of  relative  place  we  perceive  among  them  must 
be  merely  apparent,  the  results  of  the  shifting  of  our  own  point  of 
view ;  and  that,  if  we  would  ever  arrive  at  a  knowledge  of  their 
real  ^notions,  it  can  only  be  by  first  investigating  our  own,  and 
making  due  allowance  for  its  effects.  Thus,  the  question  whether 
the  earth  is  in  motion  or  at  rest,  and  if  in  motion,  what  that 
motion  is,  is  no  idle  inquiry,  but  one  on  which  depends  our  only 
chance  of  arriving  at  true  conclusions  respecting  the  constitution 
of  the  universe. 

(15.)  Nor  let  it  be  thought  strange  that  we  should  speak  of  a 
motion  existing  in  the  earth,  unperceived  by  its  inhabitants :  we 
must  remember  that  it  is  of  the  earth  as  a  whokj  with  all  that  it 
holds  within  its  substance,  or  sustains  on  its  surface,  that  we  are 
speaking;  of  a  motion  common  to  the  solid  mass  beneath,  to  the 
ocean  which  flows  around  it,  the  air  which  rests  upon  it,  and  the 
clouds  which  float  above  it  in  the  air.  Such  a  motion,  which 
should  displace  no  terrestrial  object  from  its  relative  situation 
among  others,  interfere  with  no  natural  processes,  and  produce 
no  sensations  of  shocks  or  jerks,  might,  it  is  very  evident,  subsist 
undetected  by  us.  There  is  no  peculiar  sensation  which  adver- 
tises us  that  we  are  in  motion.  We  perceive  jerkSy  or jkocksy  it 
is  true,  because  these  are  sudden  changes  of  motion,  produced, 
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as  the  laws  of  meohanics  teach  us,  by  sudden  and  powerful  forces 
acting  during  short  times ;  and  these  forces,  applied  to  our  bodies, 
are  what  "wefeeL  When,  for  example,  we  are  carried  along  in  a 
carriage  with  the  blinds  down,  or  with  our'  eyes  closed  (to  keep 
us  from  seeing  external  objects),  we  perceive  a  tremor  arising 
from  inequalities  in  the  road,  over  which  the  carriage  is  success- 
ively lifted  and  let  fall,  but  we  have  no  sense  of  progress.  As 
the  road  is  smoother,  our  sense  of  motion  is  diminished,  though 
our  rate  of  travelling  is  accelerated.  Railway  travelling,  especially 
by  night  or  m  a  tunnel,  has  familiarized  every  one  with  this  remark. 
Those  whp  have  made  aeronautic  voyages  testify  that  with  closed 
eyes,  and  under  the  influence  of  a  steady  breeze  communicating 
no  oscillatory  or  revolving  motion  to  the  car,  the  sensation  is  that 
of  perfect  rest,  however  rapid  the  transfer  from  place  to  place. 

j^IS.j  But  it  is  on  shipboard,  where  a  great  system  is  maintamed 
in  motion,  and  where  we  are  surrounded  with  a  multitude  of  ob- 
jects which  participate  with  ourselves  and  each  other  in  the  com- 
mon progress  of  the  whole  mass,  that  we  feel  most  satisfactorily 
the  identity  of  sensation  between  a  state  of  motion  and  one  of 
rest,  in  the  cabin  of  a  large  and  heavy  vessel,  going  smoothly 
before  the  wind  in  still  water,  or  drawn  along  a  canal,  not  the 
smallest  indication  acquaints  us  with  the  way  it  is  making.  We 
read,  sit,  walk,  and  perform  every  customary  action  as  if  we  were 
on  land.  If  we  throw  a  ball  into  the  air,  it  falls  back  into  our 
hand ;  or  if  we  drop  it,  it  alights  at  our  feet.  Insects  buzz  around 
us  as  in  the  free  air ;  and  smoke  ascends  in  the  same  manner  as 
it  would  do  in  an  apartment  on  shore.  If,  indeed,  we  come  on 
deck,  the  case  is,  in  some  respects,  different ;  the  air,  not  being 
carried  along  with  us,  drifts  away  smoke  and  other  light  bodies—- 
such  as  feathers  abandoned  to  it — apparently,  in  the  opposite 
direction  to  the  ship's  progress ;  but,  in  reality,  they  remain  at 
rest,  and  we  leave  them  behind  in  the  air.  Still,  the  illusion,  so 
far  as  massive  objects  and  our  own  movements  are  concerned, 
remains  complete ;  and  when  we  look  at  the  shore,  we  then  per- 
ceive the  effect  of  our  own  motion  transferred,  in  a  contrary  direc- 
tion, to  external  objects — external^  that  is,  to  the  system  of  which 
toe/orm  a  part, 

u  Piorehifflor  portUi  teiraque  uibesque  reoedunt" 
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(17.)  In  order,  however,  to  conceive  the  earth  as  in  motion, 
we  must  form  to  ourselves  a  conception  of  its  shape  and  size. 
Now,  an  object  cannot  have  shape  and  size  unless  it  is  limUed 
on  all  sides  by  some  definite  outline,  so  as  to  admit  of  our  imagin- 
ing it,  at  least,  disconnected  from  other  bodies,  and  existing  insu- 
lated in  space.    The  first  rude  notion  we  form  of  the  earth  is  that 
of  a  flat  surface,  of  indefinite  extent  in  all  directions  from  the  spot 
where  we  stand,  above  which  are  the  air  and  sky;  below  to  an 
indefinite  profundity,  solid  matter.  This  is  a  prejudice  to  be  got  rid 
of,  like  that  of  the  earth^s  immobility ; — but  it  is  one  much  easier 
to  rid  ourselves  of,  inasmuch  as  it  originates  only  in  our  own 
mental  inactivity  in  not  questioning  ourselves  where  we  will  place 
a  limit  to  a  thing  we  have  been  accustomed  from  infancy  to  regard 
as  immensely  large ;  and  does  not,  like  that,  originate  in  the  testi- 
mony of  our  senses  unduly  interpreted.    On  the  contrary,  the 
direct  testimony  of  our  senses  lies  the  other  way.    When  we 
see  the  sun  set  in  the  evening  in  the  west,  and  rise  again  in  the 
east,  as  we  cannot  doubt  that  it  is  the  same  sun  we  see  after  a 
temporary  absence,  we  must  do  violence  to  all  our  notions  of 
solid  matter,  to  suppose  it  to  have  made  its  way  through  the  sub- 
stance of  the  earth.    It  must,  therefore,  have  gone  under  it,  and 
that  not  by  a  mere  subterraneous  channel;  for  if  we  notice  the 
points  where  it  sets  and  rises  for  many  successive  days,  or  for  a 
whole  year,  we  shall  find  them  constantly  shifting,  round  a  very 
large  extent  of  the  horizon ;  and,  besides,  the  moon  and  stars  also 
set  and  rise  again  in  all  points  of  the  visible  horizon.     The  con- 
clusion is  plain :  the  earth  cannot  extend  indefinitely  in  depth 
downwards,  nor  indefinitely  in  surface  laterally ;  it  must  have  not 
only  bounds  in  a  horizontal  direction,  but  also  an  under  side  round 
which  the  sun,  moon,  and  stars  can  pass;  and  that  side  must,  at 
least,  be  so  far  like  what  we  see,  that  it  must  have  a  sky  and  sun- 
shine, and  a  day  when  it  is  night  to  us,  and  vice  versa;  where, 
in  short, 


radii  k  nobis  Aurora,  diemque  redudt 
Nosque  abi  primiu  equis  orieiu  affla^it  anhelJBi 
niie  lera  nibenB  aooendit  lumina  Ve^r."  Georg, 

(18.)  As  soon  as  we  have  familiarized  ourselves  with  the  con- 
ception of  an  earth  without  foundations  or  fixed  supports — exist- 
ing insulated  in  space  from  contact  of  every  thing  external,  it 
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becomes  easy  to  imagine  it  in  motion — or,  rather,  difficult  to 
imagine  it  otherwise ;  for,  since  there  is  nothing  to  retain  it  in  one 
place,  should  any  causes  of  motion  exist,  or  any  Jbrces  act  upon 
it,  it  must  obey  their  impulse.  Let  us  next  see  what  obvious  cir- 
cumstances there  are  to  help  us  to  a  knowledge  of  the  shape  of 
the  earth. 

(19.)  Let  us  first  examine  what  we  can  actually  see  of  its  shape. 
Now,  it  is  not  on  land  (unless,  indeed,  on  uncommonly  level  and 
extensive  plains,)  that  we  can  see  any  thing  of  the  general  figure 
of  the  earth; — ^the  hills,  trees,  and  other  objects  which  roughen 
its  surface,  and  break  and  elevate  the  line  of  the  horizon,  though 
obviously  bearing  a  most  minute  proportion  to  the  whole  earth, 
are  yet  too  considerable  with  respect  to  ourselves  and  to  that 
small  portion  of  it  which  we  can  see  at  a  single  view,  to  allow  of 
our  forming  any  judgment  of  the  form  of  the  whole,  from  that  of  a 
part  so  disfigured.  But  with  the  surface  of  the  sea  or  any  vastly 
extended  level  plain,  the  case  is  otherwise.  If  we  sail  out  of 
sight  of  land,  whether  we  stand  on  the  deck  of  the  ship  or  climb 
the  mast,  we  see  the  surface  of  the  sea — not  losing  itself  in  dis- 
tance and  mist,  but  terminated  by  a  sharp,  clear,  well-defined 
line  or  offing  as  it  is  called,  which  runs  all  round  us  in  a  circle, 
having  our  station  for  its  centre.  That  this  line  is  really  a  circle, 
we  conclude,  first,  from  the  perfect  apparent  similarity  of  all  its 
parts ;  and,  secondly,  from  the  fact  of  all  its  parts  appearing  at 
the  same  distance  from  us,  and  that,  evidently,  a  moderate  one ; 
and  thirdly,  from  this,  that  its  apparent  diameter ^  measured  with 
an  instrument  called  the  dip  sector,  is  the  same  (except  under 
some  singular  atmospheric  circumstances,  which  produce  a  tem- 
porary distortion  of  the  outline,)  in  whatever  direction  the  measure 
is  taken, — properties  which  belong  only  to  the  circle  among  geo- 
metrical figures.  If  we  ascend  a  high  eminence  on  a  plain  (for 
instance,  one  of  the  Egyptian  pyramids,)  the  same  holds  good. 

(20.)  Masts  of  ships,  however,  and  the  edifices  erected  by  man, 
are  trifling  eminences  compared  to  what  nature  itself  affords ; 
^tna,  Teneriffe,  Mowna  Roa,  are  eminences  from  which  no  con- 
temptible aliquot  part  of  the  whole  earth's  surface  can  be  seen ; 
but  from  these  again — in  those  few  and  rare  occasions  when  the 
transparency  of  the  air  will  permit  the  real  boundary  of  the  horizon, 
the  true  sea-line,  to  be  seen — the  very  same  appearances  are  wit- 
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nessed,  bat  with  this  remarkable  addition,  viz.  that  the  angular 
diamder  of  the  risible  area,  as  measured  by  the  dip  sector,  is 
materially  less  than  at  a  lower  level ;  or,  in  other  words,  that  the 
ofpasrerd  size  of  the  earth  has  sensibly  diminished  as  we  have 
receded  from  its  surface,  while  yet  the  absolute  qtumtity  of  it  seen 
at  once  has  been  increased. 

(21.)  The  same  appearances  are  observed  universally,  in  every 
part  of  the  earth's  sur&ce  visited  by  man.  Now,  the  figure  of  a 
body  which,  however  seen,  appears  always  circular j  can  be  no 
other  than  a  sphere  or  globe. 


Fig.  1. 


(22.)  A  diagram  will  elucidate  this.  Suppose  the  earth  to  be 
represented  by  the  sphere  L  H  N  Q,  whose  centre  is  C,  and  let 
A,  G,  M  he  stations  at  diflerent  elevations  above  various  points 
of  its  surface,  represented  by  a,  gy  m  respectively.  From  each 
of  them  (as  from  M)  let  a  line  be  drawn,  as  M  N  n,  a  tangent  to 
the  surface  at  N,  then  will  this  line  represent  the  visual  ray  along 
which  the  spectator  at  M  will  see  the  visible  horizon ;  and  as  this 
tangent  sweeps  round  M,  and  comes  successively  into  the  posi- 
tions N  O  0,  M  l?py  M  Q  9,  the  point  of  contact  N  will  mark  out 
on  the  surface  the  circle  N  0  P  Q.    The  area  of  the  spherical 
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surface  comprehended  within  this  circle  is  the  portion  of  the  earth's 
surface  visible  to  the  spectator  at  M,  and  the  angle  N  M  Q  included 
between  the  two  extreme  visual  rays  is  the  measure  of  its  appa- 
rent angular  diameter.  Leavbg  at  present,  out  of  consideration 
the  efiect  of  refraction  in  the  air  below  M,  of  which  more  here- 
after, and  which  always  tends,  in  some  degree,  to  increase  that 
angle  or  render  it  more  obtusey  this  is  the  angle  measured  by  the 
dip  sector.  Now,  it  is  evident,  1st,  that  as  the  point  M  is  more 
elevated  above  m,  the  point  immediately  below  it  on  the  sphere, 
the  visible  area,  i.  e.  the  spherical  segment  or  slice  N  0  P  Q,  in* 
creases ;  2dly,  that  the  distance  of  the  visible  horizon*  or  bound- 
ary of  our  view  from  the  eye,  viz.  the  line  M  N,  increases ;  and, 
3dly,  that  the  angle  N  M  Q  becomes  less  obtuse^  or  in  other  words^ 
the  apparent  angular  diameter  of  the  earth  diminishes,  being  no- 
where so  great  as  180^,  or  two  right  angles,  but  falling  short  of  it  by 
some  sensible  quantity,  and  that  more  and  more  the  higher  we 
ascend.  The  figure  exhibits  three  states  or  stages  of  elevation,  with 
the  horizon,  &c.  corresponding  to  each,  a  glance  at  which  will  ex- 
plain our  meaning;  or,  limiting  ourselves  to  the  larger  and  more  dis- 
tinct, M  N  O  P  Q,  let  the  reader  imagine  n  N  M,  M  Q  9,  to  be  the  two 
legs  of  a  ruler  joined  at  M,  and  kept  extended  by  the  globe  N  m 
Q  between  them.  It  is  clear,  that  as  the  joint  M  is  urged  home 
towards  the  surface,  the  legs  will  open,  and  the  ruler  will  become 
more  nearly  straight^  but  will  not  attain  perfect  straightness  till  M 
is  brought  fairly  up  to  contact  with  the  surface  at  m,  in  which  case 
its  whole  length  will  become  a  tangent  to  the  sphere  at  m,  as  is 
the  line  x  y. 

(23.)  This  explains  what  is  meant  by  the  dipof^Jhe  horizon, 
M  m,  which  is  perpendicular  to  the  general  surlace  of  the  sphere 
at  m,  is  also  the  direction  in  which  a  plumlhline\  would  hang ; 
for  it  is  an  observed  fact,  that  in  all  situations,  in  every  part  of 
the  earth,  the  direction  of  a  plumb-line  is  exactly  perpendicular 
to  the  surface  of  still  water ;  and,  moreover,  that  it  is  also  exactly 
perpendicular  to  a  line  or  surface  truly  adjusted  by  a  spirit-levelf. 
Suppose,  then,  that  at  our  station  M  we  were  to  adjust  a  line  (a 
wooden  ruler  for  instance)  by  a  spirit-level,  with  perfect  exact- 
ness ;  then,  if  we  suppose  the  direction  of  this  line  indefinitely 

*  'O^So,  to  terminate.  f  See  these  inetroments  described  in  chap.  iiL 


-Jv 


THK  HORIZON  Am>  ITS  J>Jf.  88 

prolonged  both  ways,  as  X  M  Y,  the  line  so  drawn  will  be  at  light 
angles  to  M  an,  and  therefore  parallel  ioxm  y^  the  tangent  to  tl^e 
^here  at  m.  A  spectator  placed  at  M  will  therefore  see  not  only 
dl  the  vattlt  of  the  sky  above  this  line,  as  X  Z  Y,  but  also  that 
portion  or  zone  of  it  ^hich  lies  between  X  N  and  Y  Q;  in  other 
words  his  sky  will  be  more  than  a  hemisphere  by  the  zone  Y  Q 
X  N.  It  is  the  angular  breadth  of  this  redundant  zone — the  angle 
Y  M  Q,  by  which  the  visible  horizon  appear9  depressed  below  the 
directon  of  a  spirit-level — that  is  called  the  dip  of  the  horizon.  It 
is  a  correction  of  constant  use  in  nautical  astronomy. 

(24.)  From  the  foregoing  explanations  it  appears^  Ist,  That  the 
general  figure  of  the  earth  (so  far  as  it  can  be  gathered  from  this  / 
kind  of  observation)  is  that  of  a  sphere  or  globe.  In  this  we  also  V 
include  that  of  the  sea,  which,  wherever  it  extends,  covers  and 
fills  in  those  inequalities  and  local  irregularities  which  exist  on 
land,  but  which  can  of  course  only  be  regarded  as  trifling  devia- 
tions from  the  general  outline  of  the  whole  mass,  as  we  consider 
an  orange  not  the  less  round  for  the  roughness  on  its  rind.  2dly, 
That  the  appearance  of  a  visible  horizon,  or  sea-offing,  is  a  conse- 
quence of  the  curvature  of  the  surface,  and  does  not  arise  from  the 
inability  of  the  eye  to  fi>llow  objects  to  a  greater  distance,  or  from 
atmospheric  indistinctness.  It  will  be  worth  while  to  pursue  the 
general  notion  thus  acquired  into  some  of  its  consequences,  by 
which  its  consistency  with  observations  of  a  diflerent  kind,  and 
on  a  larger  scale,  will  be  put  to  the  test,  and  a  clear  conception 
be  formed  of  the  manner  in  which  the  parts  of  the  earth  are  related 
to  each  other,  and  held  together  as  a  whole. 

(26.)  In  the  first  place,  then,  every  one  who  has  passed  a  little 

while  at  the  sea  side  ia  aware  that  objects  may  be  seen  perfectly 

well  beyond  the  cffi'itg  or  visible  horizon— but  not  the  tohole  of 

them.    We  only  see  their  upper  parts.    Their  bases  where  they 

rest  on,  or  rise  out  of  the  water,  are  hid  from  view  by  the  spherical 

surface  of  the  sea,  which  protrudes  between  them  and  ourselves. 

Suppose  a  ship,  for  instance,  to  sail  directly  away  from  our  station ; 

— ^at  first,  when  the  distance  of  the  ship  is  small,  a  spectator,  S, 

situated  at  some  certain  height  above  the  sea,  sees  the  whole  of 

the  ship,  even  to  the  waier  line  where  it  rests  on  the  sea,  a9  at  A. 

As  it  recedes  it  diminishes,  it  is  true,  in  apparent  mze,  but  still  the 

vj     tohole  is  seen  down  to  the  water  line,  till  it  reaches  the  visible 
>  ^  8 
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horizon  at  B.  But  as  soon  as  it  has  passed  this  distance,  not 
only  does  the  visible  portion  still  continue  to  diminish  in  apparent 
sizBy  but  the  hull  begins  to  disappear  bodily^  as  if  sunk  below  the 
surface.  When  it  has  reached  a  certain  distance,  as  at  C,  its 
hull  has  entirely  vanished,  but  the  masts  and  sails  remain,  present- 
ing the  appearance  c.  But  if,  in  this  state  of  things,  the  spectator 
quickly  ascends  to  a  higher  Yig.  2. 

station,  T,  whose  visible 
horizon  is  at  D,  the  hull 
comes  again  in  sight;  and, 
when  he  descends  again, 
he  loses  it.  The  ship  still 
receding,  the  lower  sails 
seem  to  sink  below  the 
water,  as  at  dj  and  at 
length  the  whole  disappears:  while  yet  the  distinctness  with  which 
the  last  portion  of  the  sail  d  is  seen  is  such  as  to  satisfy  us  that  were 
it  not  for  the  interposed  segment  of  the  sea,  A  B  C  D  £,  the  dis- 
tance T  E  is  not  so  great  as  to  have  prevented  an  equally  perfect 
view  of  the  whole. 

(26.)  The  history  of  aeronautic  adventure  afibrds  a  curious  illus- 
tration of  the  same  principle.  The  late  Mr.  Sadler,  the  celebrated 
aeronaut,  ascended  on  one  occasion  in  a  balloon  from  Dublin,  and 
was  wafted  across  the  Irish  Channel,  when,  on  his  approach  to 
the  Welsh  coast,  the  balloon  descended  nearly  to  the  surface  of 
the  sea.  By  this  time  the  sun  was  set,  and  the  shades  of  even- 
ing began  to  close  in.  He  threw  out  nearly  all  his  ballast, 
and  suddenly  sprang  upwards  to  a  great  height,  and  by  so  doin$( 
brought  his  horizon  to  dip  below  the  sun,  producing  the  whole 
phenomenon  of  a  western  sunrise.  Subsequently  descending  in 
Wales,  he  of  course  witnessed  a  second  sunset  on  the  same 
evening. 

(27.)  If  we  could  measure  the  heights  and  exact  distance  of 
two  stations  which  could  barely  be  discerned  from  each  other 
over  the  edge  of  the  horizon,  we  could  ascertain  the  actual  size  of 
the  earth  itself;  and,  in  fact,  were  it  not  for  the  efiect  of  refraction, 
by  which  we  are  enabled  to  see  in  some  small  degree  round  the 
interposed  segment  (as  will  be  hereafter  explained),  this  would  be 
a  tolerably  good  method  of  ascertaining  it.    Suppose  A  and  B  to 
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be  two  eminences,  whose  perpendicular  heights  A  a  and  B  ft 
(which  for  simplicity,  we  will  sappose  to  be  exactly  equal)  are 
known,  as  weU  as  their  exact  horizontal  interral  a  D  ft,  by 
measurement ;  then  it  is  clear  that  ^is-  '• 

D,  the  visible  horizon  of  both  will  ^^  ^  ?  v^  J? 
lie  just  halfway  between  them,  and 
if  we  suppose  a  D  ft  to  be  the  sphere 
of  the  earth,  and  C  its  centre  in  the 
figure  C  D  ft  B,  we  know  D  ft,  the 
length  of  the  arch  of  the  circle  be- 
tween  D  and  ft, — viz.  half  the  measured  interval,  and  ft  B,  the 
excess  of  its  secant  above  its  radius — ^which  is  the  hisight  of  B, — 
data  which,  by  the  solution  of  an  easy  geometrical  problem, 
ennable  us  to  find  the  length  of  the  radius  D  C.  If,  as  is  really 
the  case,  we  suppose  both  the  heights  and  distance  of  the  stations 
inconsiderable  in  comparison  with  the  size  of  the  earth,  the  solu- 
tion alluded  to  is  contained  in  the  following  proposition: — 

The  earWs  diameter  bean  the  iomepn^ortian  to  the  distance  of 
the  frisibk  horizon  from  the  eye  a»  that  distance  does  to  the  height  of 
the  eye  above  the  sea  level. 

When  the  stations  are  unequal  in  height,  the  problem  is  a  little 
more  complicated. 

(28.)  Although,  as  we  have  observed,  the  eflect  of  refraction 
prevents  this  from  being  an  exact  method  of  ascertaining  the  di- 
mensions of  the  earth,  yet  it  will  suffice  to  afibrd  such  an  approxi- 
mation to  it  as  shall  be  of  use  in  the  present  stage  of  the  reader's 
knowledge,  and  help  him  to  many  just  conceptions,  on  which 
account  we  shall  exemplify  its  application  in  numbers.  Now,  it 
appears  by  observation,  that  two  points,  each  ten  feet  above  the 
surface,  cease  to  be  visible  from  each  other  over  still  water,  and  in 
average  atmospheric  circumstances,  at  a  distance  of  about  8  miles. 
But  10  feet  is  the  528th  part  of  a  mile,  so  that  half  their  distance, 
or  4  miles,  is  to  the  height  of  each  as  4x528  or  2112:  1,  and 
therefore  in  the  same  proportion  to  4  miles  is  the  length  of  the 
earth's  diameter.  It  must  therefore,  be  equal  to  4x2112i-i8448, 
or,  in  round  numbers,  about  8000  miles,  which  is  not  very  far  from 
the  truth. 

(29.)  Such  is  the  first  rough  result  of  an  attempt  to  ascertain 
the  earth's  magnitude ;  and  it  will  not  be  amiss,  if  we  take  advan- 
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tage  of  it  to  compare  it  with  objects  we  bare  been  accustomed  to 
consider  as  of  vast  size,  so  as  to  interpose  a  few  steps  between  it 
and  our  ordinary  ideas  of  dimension.  We  have  before  likened 
the  inequalities  on  the  earth's  surface,  arising  from  mountains, 
valleys,  buildings,  &c.  to  the  roughness  on  the  rind  of  an  orange, 
compared  with  its  general  mass.  The  comparison  is  quite  &ee 
from  exaggeration.  The  highest  mountain  known  hardly  exceeds 
five  miles  in  perpendicular  elevation :  this  is  only  one  1600th  part 
of  the  earth's  diameter;  consequently  on  a  globe  of  sixteen  inches 
in  diameter,  such  a  mountain  would  be  represented  by  a  protube- 
rance of  no  more  than  one  hundredth  part  of  an  inch,  which  is  about 
the  thickness  of  ordinary  drawing-paper.  Now,  as  there  is  no 
entire  continent,  or  even  any  very  extensive  tract  of  land,  known, 
whose  general  elevation  above  the  sea  is  any  thing  like  half  this 
i  quantity,  it  follows,  that  if  we  would  construct  a  correct  model  of 
'  our  earth,  with  its  seas,  continents,  and  mountains,  on  a  globe 
sixteen  inches  in  diameter,  the  whole  of  the  land,  with  the  excep- 
tion of  a  few  prominent  points  and  ridges,  must  be  comprised  on 
it  within  the  thickness  of  thin  writing-paper;  and  the  highest  hills 
would  be  represented  by  the  smallest  visible  grains  of  sand. 

(30.)  The  deepest  mine  existing  does  not  penetrate  half  a  mile 
below  the  surface :  a  scratch,  or  pin-hole,  duly  representing  it,  on 
the  surface  of  such  a  globe  as  our  model,  would  be  imperceptible 
without  a  magnifier.  • 

(31.)  The  greatest  depth  of  sea,  probably,  does  not  very  much 
exceed  the  greatest  elevation  of  the  continents ;  and  would,  of 
course,  be  represented  by  an  excavation,  in  about  the  same  pro- 
portion, into  the  substance  of  the  globe :  so  that  the  ocean  comes 
to  be  conceived  as  a  mere  film  of  liquid,  such  as,  on  our  model, 
would  be  left  by  a  brush  dipped  in  colour,  and  drawn  over  those 
parts  intended  to  Represent  the  sea :  only,  in  so  conceiving  it,  we 
must  bear  in  mind  that  the  resemblance  extends  no  farther  than 
to  proportion  in  point  of  quantity.  The  mechanical  laws  which 
would  regulate  the  distribution  and  movements  of  such  a  film, 
and  its  adhesion  to  the  surface,  are  altogether  diflerent  from  those 
which  govern  the  phenomena  of  the  sea. 

(32.)  Lastly,  the  greatest  extent  of  the  earth's  surface  which 
has  ever  been  seen  at  once  by  man,  was  that  exposed  to  the  view 
of  MM.  Biot  and  Gay-Lussac,  in  their  celebrated  aeronautic  ex* 
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peditioa  to  the  enormous  height  of  25,000  feet,  or  rather  less  than 
five  miles.  To  estimate  the  proportion  of  the  area  visible  from 
this  elevation  to  the  vvhole  earth's  surface,  we  must  have  recourse 
to  the  geometry  of  the  sphere,  which  informs  us  that  the  convex 
surface  of  a  spherical  segment  is  to  the  whole  surface  of  the  sphere 
to  which  it  belongs  as  the  versed  sine  or  thickness  of  the  segment 
is  to  the  diameter  of  the  sphere ;  and  further,  that  this  thickness, 
in  the  case  we  are  considering,  is  almost  exactly  equal  to  the  per- 
pendicular elevation  of  the  point  of  sight  above  the  surface.  The 
prpportion,  therefore,  of  the  visible  area,  in  this  case,  to  the  whole 
earth's  surface,  is  that  of  five  miles  to  8000,  or  1  to  1600.  The 
portion  visible  from  ^tna,  the  Peak  of  Tenerifie,  or  Mowna  Boa, 
is  about  one  4000th. 

(33.)  When  we  ascend  to  any  very  considerable  elevation  above 
the  surface  of  the  earth,  either  in  a  balloon,  or  on  mountains,  we 
are  made  aware,  by  many  uneasy  sensations,  of  an  insufficient 
supply  of  air.  The  barometer,  an  instrument  which  informs  us 
of  the  weight  of  air  incumbent  on  a  given  horizontal  surface,  con- 
firms this  impression,  and  affords  a  direct  measure  of  the  rate  of 
diminution  of  the  quantity  of  air  which  a  given  space  iiu;ludes,  as 
we  recede  from  the  surface.  From  its  indications  we  learn,  that 
when  we  have  ascended  to  the  height  of  1000  feet,  we  have  left 
below  us  about  one-thirtieth  of  the  whole  mass  of  the  atmosphere ; 
— that  at  10,600  feet  of  perpendicular  elevation  (which  is  rather 
less  than  that  of  the  summit  of  ^tna*)  we  have  ascended  through 
about  one-third ;  and  at  18,000  feet  (which  is  nearly  that  of  Coto- 
paxi)  through  one-half  the  material,  or,  at  least,  the  ponderable 
body  of  air  incumbent  on  the  earth's  surface.  From  the  progression 
of  these  numbers,  as  well  as,  d  prioriy  from  the  nature  of  the  air 
itself,  *which  is  compressible^  i.  e.  capable  of  being  condensed  or 
crowded  into  a  smaller  space  in  proportion  to  the  incumbent  pres- 
sure, it  is  easy  to  see  that,  although  by  rising  still  higher  we  should 
continually  get  above  more  and  more  of  the  air,  and  so  relieve 
ourselves  more  and  more  from  the  pressure  which  weighs  upon  us 
yet  the  amount  of  this  additional  relief,  or  the  ponderable  quantity 
of  air  surmounted,  would  be  by  no  means  in  proportion  to  the 

*  The  height  of  ^tna  above  the  Meditenanean  (as  it  revults  from  a  barome- 
trical measurement  of  mj  own,  made  in  July,  1824,  under  very  favourable  circum- 
stances) k  10|872  English  fteL^AtOhor. 
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additional  height  ascended,  but  in  a  constantly  decreasing  ratio. 
An  easy  calculation,  howeyer,  founded  on  our  experimental 
knowledge  of  the  properties  of  air,  and  the  mechanical  laws 
which  regulate  its  dilatation  and  compression,  is  sufficient  to  show 
that  at  an  altitude  above  the  surface  of  the  earth  not  exceeding  the 
hundredth  part  of  its  diameter,  the  tenuity,  or  rarefaction,  of  the 
air  must  be  so  excessive,  that  not  only  animal  life  could  not  sub- 
sist, or  combustion  be  maintained  in  it,  but  that  the  most  delicate 
means  we  possess  of  ascertaining  the  existence  of  any  air  at  all 
would  fail  to  aiibrd  the  slightest  perceptible  indications  of  its 
presence. 

(34.)  Laying  out  of  consideration,  therefore,  at  present,  all  nice 
questions  as  to  the  probable  existence  of  a  definite  limit  to  the 
atmosphere,  beyond  which  there  is  absolutely  and  rigorously 
speakmg,  710  air,  it  is  clear,  that,  for  all  practical  purposes,  we 
may  speak  of  those  regions  which  are  more  distant  above  the 
earth^s  surface  than  the  hundredth  part  of  its  diameter  as  void  of 
air,  and  of  course  of  clouds  (which  are  nothing  but  visible  vapours, 
diffused  and  floating  in  the  air,  sustained  by  it,  and  rendering  it 
turbid  as  mud  does  water).  It  seems  probable,  from  ma^y  indi* 
cations,  that  the  greatest  height  at  which  visible  clouds  ever  eadd 
does  not  exceed  ten  miles;  at  which  height  the  density  of  the  air 
is  about  an  eighth  part  of  what  it  is  at  the  level  of  the  sea. 

(35.)  We  are  thus  led  to  regard  the  atmosphere  of  air,  with  the 
clouds  it  supports,  as  constituting  a  coating  of  equable  or  nearly 
equable  thickness,  enveloping  our  globe  on  all  sides ;  or  rather  as 
an  aerial  ocean,  of  which  the  surface  of  the  sea  and  land  consti- 
tutes the  bed,  and  whose  inferior  portions  or  strata,  within  a  few 
miles  of  the  earth,  contain  by  far  the  greater  part  of  the  whole 
mass,  the  density  diminishing  with  extreme  rapidity  as  we  recede 
upwards,  till,  within  a  very  moderate  distance  (such  as  would  be 
represented  by  the  sixth  of  an  inch  on  the  model  \ye  have  before 
spoken  of,  and  which  is  not  more  in  proportion  to  the  globe  on 
which  it  rests,  than  the  downy  skin  of  a  peach  in  comparison  with 
the  fruit  within  it,)  all  sensible  trace  of  the  existence  of  air  dis- 
appears. 

(36.)  Arguments,  however,  are  not  wanting  to  render  it,  if  not 
absolutely  certain,  at  least  in  the  highest  degree  probable,  that  the 
surface  of  the  aerial,  like  that  of  the  aqueous  ocean,  has  a  real  and 
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definite  limit,  as  above  hinted  at ;  beyond  which  there  is  positively 
no  air,  and  above  which  a  fresh  quantity  of  air,  could  it  be  added 
from  without,  or  carried  aloft  from  below,  instead  of  dilating  itself 
indefinitely  upwards,  would,  after  a  certain  veiy  enormous  but 
still  finite  enlargement  of  volume,  sink  and  merge,  as  water  poured 
into  the  sea,  and  distribute  itself  among  the  mass  beneath.  With 
the  truth  of  this  conclusion,  however,  astronomy  has  little  concern ; 
all  the  eflects  of  the  atmosphere  in  modifying  astronomical  pheno- 
mena being  the  same,  whether  it  be  supposed  of  definite  extent  or 
not 

(37.)  Moreover,  whichever  idea  we  adopt,  within  those  limits 
in  which  it  possesses  any  appreciable  density  its  constitution  is  the 
same  over  all  points  of  the  earth's  service  ;  that  is  to  say,  on  the 
great  scale,  and  leaving  out  of  consideration  temporary  and  local 
causes  of  derangement,  such  as  winds,  and  great  fluctuations,  of 
the  nature  of  waves,  which  prevail  in  it  to  an  immense  extent.  In 
other  words,  the  law  of  diminution  of  the  air's  density  as  we  recede 
upwards^om  the  level  of  the  sea  is  the  same  in  every  column  into 
which  we  may  conceive  it  divided,  or  from  whatever  point  of  the 
surface  we  may  set  out.  It  may  therefore  be  considered  as  con- 
sisting of  successively  superposed  strata  or  layers,  each  of  the  form 
of  a  spherical  shell,  concentric  with  the  general  surface  of  the  sea 
and  land,  and  each  of  which  is  rarer^  or  specifically  lighter,  than 
that  immediately  beneath  it ;  and  denser ^  or  specifically  heavier, 
than  that  immediately  above  it.  This,  at  least,  is  the  kbd  of 
distribution  which  alone  would  be  consistent  with  the  laws  of  the 
equilibrium  of  fluids.  Inasmuch,  however,  as  the  atmosphere  is 
not  in  perfect  equilibrium,  being  always  kept  in  a  state  of  circula- 
tion, owing  to  the  excess  of  heat  in  its  equatorial  regions  over  that 
at  the  poles,  some  slight  deviation  from  the  rigorous  expression  of 
this  law  takes  place,  and  in  peculiar  localities  there  is  reason  to 
believe  that  even  considerable  permanent  depressions  of  the  con- 
tours of  these  strata,  below  their  general  or  spherical  level,  subsist. 
But  these  are  points  of  consideration  rather  for  the  meteorologist 
than  the  astronomer.  It  must  be  observed,  moreover,  that  with 
this  distribution  of  its  strata  the  inequalities  of  mountains  and 
valleys  have  little  concern.  These  exercise  hardly  more  influence 
in  modifying  their  general  spherical  figure  than  the  inequalities  at 
the  bottom  of  the  sea  interfere  with  the  general  sphericity  of  its 
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surface.  They  would  exercise  absolutely  none  were  it  not  for 
their  effect  in  giving  another  than  horizontal  direction  to  the  cur- 
rents of  air  constituting  winds,  as  shoals  in  the  ocean  throw  up  the 
currents  which  sweep  over  them  towards  the  surface,  and  so  in 
some  small  degree  tend  to  disturb  the  perfect  level  of  that  surface. 

(38.)  It  is  the  power  which  air  possesses,  in  common  with  all 
transparent  media,  of  refracting  the  rays  of  light,  or  bending  them 
out  of  their  straight  course,  which  renders  a  knowledge  of  the  con- 
stitution of  the  atmosphere  important  to  the  astronomer.  Owing 
to  this  property,  objects  seen  obliquely  through  it  appear  otherwise 
situated  than  ^ey  would  to  the  same  spectator,  had  the  atmosphere 
no  existence.  It  thus  produces  a  false  impression  respecting  their 
places,  which  must  be  rectified  by  ascertaining  the-  amount  and 
direction  of  the  displacement  so  apparently  produced  on  each, 
before  we  can  come  at  a  knowledge  of  the  true  directions  in  which 
they  are  situated  from  us  at  any  assigned  moment. 

(39.)  Suppose  a  spectator  placed  at  A,  any  point  of  the  earth's 
surface  K  A  k;  and  let  L  Z,  M  m,  N  n,  represent  the  successive 
strata  or  layers,  of  decreasing  density,  into  which  we  may  conceive 
the  atmosphere  to  be  divided,  and  which  are  spherical  surfaces 
concentric  with  K  &,  the  earth's  surface.  Let  S  represent  a  star, 
or  other  heavenly  body,  beyond  the  utmost  limit  of  the  atmosphere. 
Then,  if  the  air  were  away,  the  spectator  would  see  it  in  the 
direction  of  the  straight  line  A  S.  But,  in  reality,  when  the  ray 
of  light  S  A  reaches  the  atmosphere,  suppose  at  rf,  it  will,  by  the 
laws  of  optics,  begin  to  bend  downwardSy  and  take  a  more  inclined 
direction,  as  d  c.  This  bending  will  at  first  be  imperceptible, 
owing  to  the  extreme  tenuity  of  the  uppermost  strata ;  but  a^  it 
advances  downwards,  the  strata  continually  increasing  in  density, 
it  will  continually  undergo  greater  and  greater  refraction  in  the 
same  direction ;  and  thus,  instead  of  pursuing  the  straight  line 
S  (^  A,  it  will  describe  a  curve  S  d  cb  a^  continually  more  and 
more  concave  downwards,  and  will  reach  the  earth,  not  at  A,  but 
at  a  certain  point  a,  nearer  to  S.  Tliis  ray,  consequently,  will  not 
reach  the  spectator's  eye.  The  ray  by  which  he  will  see  the  star 
is,  therefore,  not  S  d  A,  but  another  ray  which,  had  there  been  no 
atmosphere,  would  have  struck  the  earth  at  K,  a  point  behind  the 
spectator ;  but  which,  being  bent  by  the  air  into  the  curve  S  D  C  B  A, 
actually  strikes^  on  A.    Now,  it  is  a  law  of  optics,  that  an  object 
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Fig.  4. 


is  seen  Id  the  direction  which  the  visual  ray  has  at  the  instant  of 
arriving  at  the  eye^  without  regard  to  what  may  have  been  other- 
wise its  course  between  the  object  and  the  eye.  Hence  the  star 
S  will  be  seen,  not  in  the  direction  A  S,  but  in  that  of  A  9,  a  tangent 
to  the  curve  S  D  C  B  A,  at  A.  But  because  the  curve  described 
by  the  refracted  ray  is  concave  downwards,  the  tangent  A  s  will  lie 
eAove  A  S,  the  unrefracted  ray :  consequently  the  object  S  will 
appear  more  elevated  above  the  horizon  A  H,  when  seen  through 
the  refracting  atmosphere,  than  it  would  appear  were  there  no  such 
atmosphere.  Since,  however,  the  disposition  of  the  strata  is  the 
same  in  all  directions  around  A,  the  visual  ray  will  not  be  made 
to  deviate  laterally ^  but  will  remain  constantly  in  the  same  vertical 
plane,  S  A  C,  passing  through  the  eye,  the  object,  and  the  earth's 
centre. 

(40.)  The  effect  of  the  air's  refraction,  then,  is  to  raise  all  the 
heavenly  bodies  higher  above  the  horizon  in  appearance  than  they 
are  in  reality.  Any  such  body,  situated  actually  tn  the  true  horizon, 
will  appear  above  it,  or  will  have  some  certain  apparent  altitude 
(as  it  is  called).  Nay,  even  some  of  those  actually  below  the 
horizon,  and  which  would  therefore  be  invisible  but  for  the  efiect 
of  refraction,  are,  by  that  effect,  raised  above  it  and  brought  into 
sight.  Thus,  the  sun,  when  situated  at  P  below  the  true  horizon, 
A  H,  of  the  spectator,  becomes  visible  to  him,  as  if  it  stood  at  J9, 
by  the  refracted  ray  P  g  r  ^  A,  to  which  A  ;>  is  a  tangent. 

(41.)  The  exact  estimation  of  the  amount  of  atmospheric  re- 
fraction, or  the  strict  determination  of  the  angle  S  A  «,  by  which  a 
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celestial  object  at  any  assigned  altitude,  H  A  S,  is  raised  in  ap* 
pearance  aboye  its  true  place,  is,  unfortunately,  a  very  difficult 
subject  of  physical  inquiry,  and  one  on  which  geometers  (from 
whom  alone  we  can  look  for  any  information  on  the  subject) 
are  not  yet  entirely  agreed.  The  difficulty  arises  from  this,  that 
the  density  of  any  stratum  of  air  (on  which  its  refracting  power 
depends)  is  effected  not  merely  by  the  superincumbent  pressure, 
but  also  by  its  temperature  or  degree  of  heat.  Now,  although  we 
know  that  as  we  recede  from  the  earth's  surface  the  temperature 
of  the  air  is  constantly  diminishing,  yet  the  laWy  or  amount  of  this 
diminution  at  different  heights,  is  not  yet  fully  ascertained.  More, 
over,  the  refracting  power  of  air  is  perceptibly  affected  by  its 
moisture;  and  this,  too,  is  not  the  same  in  every  part  of  an  aerial 
column ;  neither  are  we  acquainted  with  the  laws  of  its  distribu* 
tion.  The  consequence  of  our  ignorance  on  these  points  is  to 
introduce  a  corresponding  degree  of  uncertainty  into  the  determina* 
tion  of  the  amount  of  refraction,  which  afiects,  to  a  certain  appre* 
ciable  extent,  our  knowledge  of  several  of  the  most,  important  cbto 
of  astronomy.  The  uncertainty  thus  induced  is,  however,  confined 
within  such  very  narrow  limits  as  to  be  no  cause  of  embarrassment, 
except  in  the  most  delicate  inquiries,  and  to  call  for  no  further 
allusion  in  a  treatise  like  the  present. 

(42.)  A  <<  Table  of  Refractions,"  as  it  is  called,  or  a  statement 
of  the  amount  of  apparent  displacement  arising  from  this  cause,  at 
all  altitudes,  or  in  every  situation  of  a  heavenly  body,  from  the 
horizon  to  the  zenith*^  or  point  of  the  sky  vertically  above  the 
spectator,  and,  under  all  the  circumstances  in  which  astronomical 
observations  are  usually  performed  which  may  influence  the  result, 
is  one  of  the  most  important  and  indispensable  of  all  astronomical 
tables,  since  it  is  only  by  the  use  of  such  a  table  we  are  enabled  to 
get  rid  of  an  illusion  which  must  otherwise  pervert  all  our  notions 
respecting  the  celestial  motions.  Such  have  been,  accordingly, 
constructed  with  great  care,  and  are  to  be  found  in  every  collec- 
tion of  astronomical  tables.  Our  design,  in  the  present  treatise, 
will  not  admit  of  the  introduction  of  tables;  and  we  must,  there- 
fore, content  ourselves  here,  and  in  similar  cases,  with  referring 
the  reader  to  works  especially  destined  to  furnish  these  useful  aids 

*  Ttom  an  Arabic  word  of  this  signification.  See  dus  term  technically  defined 
in  Chap.  II. 
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to  calculation.  It  is,  boveyer,  desirable  tbat  be  sbould  bear  in 
mind  tbe  following  general  notions  of  its  amount,  and  law  of 
variations. 

(43.)  1st.  In  the  zenith  tbere  is  no  refraction.  A  celestial  object, 
situated  vertically  over  bead,  is  seen  in  its  true  direction,  as  if  tbere 
were  no  atmospbere,  at  least  if  tbe  air  be  tranquil. 

5klly.  In  descending  from  tbe  zeniih  to  tbe  borizon,  tbe  refrac* 
tion  continually  increases.  Objects  near  the  borizon  appear  more 
elevated  by  it  above  tbeir  true  directions  tban  tbose  at  bigh  altitude. 

3dly.  Tbe  rate  of  its  increase  is  nearly  in  proportion  to  tbe 
tangent  of  tbe  apparent  angular  distance  of  tbe  object  from  tbe 
zenitb.  But  tbis  rule,  wbicb  is  not  fiir  from  tbe  trutb,  at  moderate 
zeniik  disianceSy  ceases  to  give  correct  resulto  in  tbe  vicinity  of 
the  borizon,  where  tbe  law  becomes  much  more  complicated  in  its 
expression. 

4tb]y.  The  average  amount  of  refraction,  for  an  object  balf-way 
between  the  zenitb  and  borizon,  or  at  an  apparent  altitude  of  46^, 
is  about  1'  (more  exactly  57"),  a  quantity  hardly  sensible  to  tbe 
naked  eye ;  but  at  tbe  visible  horizon  it  amounts  to  no  less  a  quantity 
tban  33^,  which  is  rather  more  than  tbe  greatest  apparent  diameter  of 
either  the  sun  or  the  moon.  Hence  it  follows,  that  when  we  see 
the  lower  edge  of  the  sun  or  moon  just  apparently  resting  on  tbe 
horizon,  its  whole  disk  is  in  reality  below  it,  and  would  be  entirely 
out  of  sight  and  concealed  by  the  convexity  of  the  earth,  but  for  tbe 
bending  round  it,  which  the  rays  of  light  have  undergone  in  tbeir 
passage  through  the  air,  as  alluded  to  in  art.  40. 

5thly.  That  when  tbe  barometer  is  higher  than  its  average  or 
mean  state^  the  amount  of  refraction  is  greater  than  its  mean 
amount ;  when  lower,  less :  and, 

6thly.  That  in  one  and.  tbe  same  state  of  the  barometer  tbe 
refraction  is  greater,  tbe  colder  tbe  air.  The  variation,  owing  to 
these  two  causes,  from  its  mean  amount  (at  temp.  65^,  pressure 
30  inches),  are  about  one  420th  part  of  that  amount  for  each  de- 
gree of  the  thermometer  of  Fahrenheit,  and  one  300tb  for  each 
tenth  of  an  inch  in  tbe  height  of  the  barometer. 

(44.)  It  follows  from  tbis,  that  one  obvious  eflect  of  refraction 
must  be  to  shorten  tbe  duration  of  night  and  darkness,  by  actually 
prolonging  the  stay  of  the  sun  and  moon  above  the  borizon.  But 
even  after  they  are  set,  the  influence  of  the  atmosphere  still  con* 
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tinues  to  send  us  a  portion  of  their  light;  not,  indeed,  by  direct 
transmission,  but  by  reflection  upon  the  vapours,  and  minute  solid 
particles  which  float  in  it,  and,  perhaps,  also  on  the  actual  material 
atoms  of  the  air  itself.  To  understand  how  this  takes  place,  we 
must  recollect,  that  it  is  not  only  by  the  direct  light  of  a  luminous 
object  that  we  see,  but  that  whatever  portion  of  its  light  which 
would  not  otherwise  reach  our  eyes  is  intercepted  in  its  course, 
and  thrown  back,  or  laterally,  upon  us,  becomes  to  us  a  means  of 
illumination.  Such  reflective  obstacles  always  exist  floating  in  the 
air.  The  whole  course  of  a  sunbeam  penetrating  through  the 
chink  of  a  window-shutter  into  a  dark  room  is  visibk  as  a  bright 
line  in  the  air :  and  even  if  it  be  stifled,  or  Ut  out  through  an 
opposite  crevice,  the  light  scattered  through  the  apartment  firom 
this  source  is  sufficient  to  prevent  entire  darkness  in  the  room. 
The  luminous  lines  occasionally  seen  in  the  air,  in  a  sky  full  of 
partially  broken  clouds,  which  the  vulgar  term  <<  the  sun  drawing 
water,"  are  similarly  caused.  They  are  sunbeams,  through  aper- 
tures in  clouds,  partially  intercepted  and  reflected  on  the  dust  and 
vapours  of  the  air  below.  Thus  it  is  with  those  solar  rays  which, 
after  the  sun  is  itself  concealed  by  the  convexity  of  the  earth,  con* 
tinue  to  traverse  the  higher  regions  of  the  atmosphere  above  our 
beads,  and  pass  through  and  out  of  it,  without  directly  striking  on 
the  earth  at  all.  Some  portion  of  them  is  intercepted  and  reflect- 
ed  by  the  floating  particles  above  mentioned,  and  thrown  back, 
or  laterally,  so  as  to  reach  us,  and  afibrd  us  that  secondary  illumina- 
tion, which  is  twilight.  The  course  of  such  rays  will  be  imme- 
diately understood  from  the  annexed  figure,  in  which  A  B  C  D  is 
the  earth ;  A  a  point  on  its  surface,  where  the  sun  S  js  in  the  act  of 
setting;  its  last  lower  ray  S  A  M  just  grazing  the  surface  at  A,  while 
its  superior  rays  S  N,  S  0,  traverse  the  atmosphere  above  A 
without  striking  the  earth,  leaving  it  finally  at  the  points  P  Q  Ry 
after  being  more  or  less  bent  in  passing  through  it,  the  lower  most, 
the  higher  less,  and  that  which,  like  S  R  0,  merely  grazes  the 
exterior  limit  of  the  atmosphere,  not  at  all.  Let  us  consider 
several  points.  A,  B,  C,  D,  each  more  remote  than  the  last  from 
A,  and  each  more  deeply  involved  in  the  eartVs  shadow^  which 
occupies  the  whole  space  from  A  beneath  the  line  A  M.  Now,  A 
just  receives  the  sun's  last  direct  ray,  and,  besides,  is  illuminated  by 
the  whole  reflective  atmosphere  P  Q  R  T.    It  therefore  receives 
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twilight  from  the  vhole  sky.  llie  point  B,  to  wliich  (be  sun  has 
set,  reeeires  no  direct  solar  light,  nor  any,  direct  or  reflected,  from 
all  that  part  aSi/t  risible  atmosphere  which  is  below  A  P  M ;  but 
bom  the  lenticular  portion  P  R  z,  which  is  traversed  by  the  sun's 
rays,  and  which  lies  above  the  visible  horizon  B  R  of  B,  it  receives 
a  twilight,  which  is  strongest  at  R,  the  point  immediately  below 
which  the  sun  b,  and  fades  away  gradually  towards  P,  as  the 
lumiDous  part  of  the  atmosphere  thins  off.  At  C,  only  the  last  or 
thionest  portion,  P  Q  z  of  the  lenticular  segment  thus  illuminated, 
lies  above  the  horizon,  C  Q,  of  that  place ;  here,  then,  the  twilight 
is  feeble,  and  confined  to  a  small  space  in  end  near  the  horizon, 
which  the  sun  has  quitted,  while  at  D  the  twilight  has  ceased 
altogether. 

(45.)  When  the  sun  is  above  the  horizon,  it  illuminates  the 
atmosphere  and  cIoQds,  and  these  again  disperse  and  scatter  a 
portion  of  its  light  in  all  directions,  so  as  to  send  some  of  its  rays 
to  every  exposed  point,  from  every  point  of  the  sky.  The  generally  ' 
di&iised  light,  therefore,  which  we  enjoy  in  the  daytime,  is  a 
phenomenon  originating  u  the  very  same  causes  as  the  twilight. 
Were  it  not  for  the  reflective  and  scattering  power  of  the  atroo- 
sphere,  no  objects  would  be  visible  to  us  out  of  direct  sunshine  ; 
every  shadow  of  a  passing  cloud  would  be  pitchy  darkness ;  the  stars 
would  be  visible  all  day,  and  every  apartment,  into  which  the  sun 
■  had  not  direct  admission,  would  be  involved  in  nocturnal  obscurity. 
This  scattering  action  of  the  atmosphfre  on  the  eolar  light,  it  should 
be  observed,  is  increased  by  the  irregularity  of  temperature  caused 
by  the  same  luminary  in  its  dlflereot  parts,  which,  during  the  day- 
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time,  throws  it  into  a  constant  state  of  undalation,  and,  by  thus 
bringing  together  masses  of  air  of  yery  unequal  temperatures,  pro- 
duces partial  reflections  and  refractions  at  their  common  boundaries, 
by  which  some  portion  of  the  light  is  turned  aside  from  the  direct 
course,  and  diverted  to  the  purpose  of  general  illumination. 

(46.)  From  the  explanation  we  have  given,  in  arts.  39  and  40, 
of  the  nature  of  atmospheric  ri^fraction,  and  the  mode  in  which  it 
is  produced  in  the  progress  of  a  ray  of  light  through  successive 
strata,  or  layers,  of  the  atmosphere,  it  will  be  evident,  that  when- 
ever a  ray  passes  obliquely  from  a  higher  level  to  a  lower*  one,  or  vice 
versdy  its  course  is  not  rectilinear,  but  concave  downwards ;  and 
of  course  any  object  seen  by  the  means  of  such  a  ray,  must  appear 
deviated  from  its  true  place,  whether  that  object  be,  like  the 
celestial  bodies,  entirely  beyond  the  atmosphere,  or,  like  the 
summits  of  mountains  seen  from  the  plains,  or  other  terrestrial 
stations  at  different  levels  seen  from  each  other,  immersed  in  it. 
Every  difference  of  level,  accompanied,  as  it  must  be,  with  a 
difierehce  of  density  in  the  aerial  strata,  must  also  have,  correspond- 
ing to  it,  a  certain  amount  of  refraction ;  less,  indeed,  than  what 
would  be  produced  by  the  whole  atmosphere,  but  still  often  of 
very  appreciable,  and  even  considerable  amount.  This  refraction 
between  terrestrial  stations  is  termed  terrestrial  refraction^  to  dis- 
tinguish it  from  that  total  effect  which  is  only  produced  on  celes* 
tial  objects,  or  such  as  are  beyond  the  atmosphere,  and  which  is 
called  celestial  or  astronomical  refraction. 

(47.)  Another  effect  of  refraction  is  to  distort  the  visible  forms 
and  proportions  of  objects  seen  near  the  horizon.  The  sun,  for 
instance,  which  at  a  considerable  altitude  always  appears  round, 
assumes,  as  it  approaches  the  horizon,  a  flattened  or  oval  outline ; 
its  horizontal  diameter  being  visibly  greater  than  that  in  a  vertical 
direction.  When  very  near  the  horizon,  this  flattening  is  evidently 
more  considerable  on  the  lower  side  than  on  the  upper ;  so  that 
the  apparent  form  is  neither  circular  nor  elliptic,  but  a  species  of 
oval,  which  deviates  more  from  a  circle  below  than  above.  This 
singular  effect,  which  any  one  may  notice  in  a  fine  sunset,  arises 
from  the  rapid  rate  at  which  the  refraction  increases  in  approaching 
the  horizon.  Were  every  visible  point  in  the  sun^s  circumference 
equally  raised  by  refraction,  it  would  still  appear  circular,  though 
displaced ;  but  the  lower  portions  being  more  raised  than  the 
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upper,  the  yertical  diameter  is  thereby  shortened,  whUe  the  two 
extremities  of  its  horizontal  diameter  are  equally  nosed,  and  in 
parallel  directions,  so  that  its  apparent  length  remains  the  same. 
The  dilated  size  (generally)  of  the  sun  or  moon,  when  seen  near 
the  horizon,  beyond  what  they  appear  to  have  when  high  up  in  the 
sky,  has  nothing  to  do  with  refraction.  It  is  an  illusion  of  the 
judgment,  ari^g  from  the  tenestrial  objects  interposed,  or  placed 
in  close  comparison  with  them.  In  that  situation  we  view  and 
judge  of  them  as  we  do  of  terrestrial  objects — in  detail,  and  with  an 
acquired  habit  of  attention  to  parts.  Aloft  we  have  no  associations 
to  g^ide  us,  and  their  insulation  in  the  expanse  of  sky  leads  us 
rather  to  undervalue  than  to  over-rate  their  apparent  magnitudes. 
Actual  measurement  with  a  proper  instrument  corrects  our  error, 
without,  however,  dispelling  our  illusion.  By  this  we  learn,  that 
the  sun,  when  just  on  the  horizon,  subtends  at  our  eyes  almost  ex« 
actly  the  same,  and  the  moon  a  materially  less  angle,  than  when 
seen  at  a  great  altitude  in  the  sky,  owing  to  its  greater  distance 
from  us  in  the  former  situation  as  compared  with  the  latter,  as  will 
be  explained  farther  on. 

(48.)  After  what  has  been  said  of  the  small  extent  of  the  atmo- 
sphere in  comparison  with  the  mass  of  the  earth,  we  shall  have 
little  hesitation  in  admitting  those  luminaries  which  people  and 
adorn  the  sky,  and  which,  while  they  obviously  form  no  part  of 
the  earth,  and  receive  no  support  from  it,  are  yet  not  borne  along 
at  random  like  clouds  upon  the  air,  nor  drifted  by  the  winds,  to 
be  external  to  our  atmosphere.  As  such  we  have  considered  them 
while  speaking  of  their  refractions — as  existing  in  the  immensity 
of  space  beyond,  and  situated,  perhaps,  for  any  thing  we  can  per- 
ceive to  the  contrary,  at  enormous  distances  from  us  and  from  each 
other. 

(49.)  Could  a  spectator  exist  unsustained  by  the  earth,  or  any 
solid  support,  he  would  see  around  him  at  one  view  the  whole 
contents  of  space— the  visible  constituents  of  the  universe ;  and, 
in  the  absence  of  any  means  of  judging  of  their  dbtances  from 
him,  would  refer  them,  in  the  directions  in  which  they  were  seen 
from  his  station,  to  the  concave  surface  of  an  imaginary  sphere, 
having  his  eye  for  a  centre,  and  its  surface  at  some  vast  indeter- 
minate distance.  Perhaps  he  might  judge  those  which  appear  to 
him  large  and  bright,  to  be  nearer  to  him  than  the  smaller  and  less 
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bnlliaBt;  but,  independent  of  other  means  of  judgiogy  be  would 
have  no  warrant  for  this  opinion,  any  more  than  for  the  idea  that 
all  were  equidistant  from  him,  and  really  arranged  on  such  a 
spherical  surface.  Nevertheless,  there  would  be  no  impropriety  in 
his  referring  their  places,  geometrically  speaking,  to  those  points 
of  such  a  purely  imaginary  sphere,  which  their  respective  visual 
rays  intersect ;  and  there  would  be  much  advantage  in  so  doing, 
as  by  that  means  their  appearance  and  relative  situation  could  be 
accurately  measured,  recorded,  and  mapped  down.  The  objects 
in  a  landscape  are  at  every  variety  of  distance  from  the  eye,  yet 
we  lay  them  all  down  in  a  picture  on  one  plane,  and  at  one  dis- 
tance, in  their  actual  apparent  proportions^  and  the  likeness  is  not 
taxed  with  incorrectness,  though  a  man  in  the  foreground  should 
be  represented  larger  than  a  mountain  in  the  distance.  So  it  is 
to  a  spectator  of  the  heavenly  bodies  pictured,  projected^  or  mapped 
down  on  that  imaginary  sphere  we  call  the  sky  or  heaven.  Thus, 
we  may  easily  conceive  that  the  moon,  which  appears  to  us  as 
large  as  the  sun,  though  less  bright,  may  owe  that  apparent  equa« 
lity  to  its  greater  proximity,  and  may  be  really  much  less ;  while 
both  the  moon  and  sun  may  only  appear  larger  and  brighter  than 
the  stars,  on  account  of  th^  remoteness  of  the  latter. 

(50.)  A  spectator  on  the  earth's  surface  is  prevented,  by  the 
great  mass  on  wbich  be  stands,  from  seeing  into  all  that  portion  of 
space  which  is  below  him,  or  to  see  which  he  must  look  in  any 
degree  downwards.  It  is  true  that,  if  his  place  of  observation  be 
at  a  great  elevation,  the  dip  of  the  horizon  will  bring  within  the 
scope  of  vision  a  little  more  than  a  hemisphere,  and  refraction, 
wherever  he  may  be  situated,  will  enable  him  to  look,  as  it  were, 
a  little  round  the  corner ;  but  the  zone  thus  added  to  his  visual 
range  can  hardly  ever,  unless  in  very  extraordinary  circumstances, 
exceed  a  couple  of  degrees  in  breadth,  and  is  always  ill  seen  on 
account  of  the  vapours  near  the  horizon.  Unless,  then,  by  a  change 
of  his  geographical  situation,  he  should  shift  his  horizon  (which  is 
always  a  plane  passing  through  his  eye,  and  touching  the  spherical 
convexity  of  the  earth) ;  or  unless,  by  some  movements  proper  to 
the  heavenly  bodies,  they  should  of  themselves  come  above  his 
horizon ;  or,  lastly,  unless,  by  some  rotation  of  the  earth  itself  on 
its  centre,  the  point  of  its  surface  which  he  occupies  should  be 
earned  round,  and  presented  towards  a  different  region  cf  space  ; 


CHA5GX  OV  90SI20N  IV  9BAYSLLIKQ.  49 

he  would  never  obtain  a  sight  of  almost  one  half  the  objects  ex- 
teraal  to  our  atmosphere.  But  if  any  of  these  cases  be  supposed, 
more,  or  all,  may  come  into  view  according  to  the  circumstances. 
(51.)  A  traveller,  for  example,  shifting  his  locality  on  our  globe, 
will  obtain  a  view  of  celestial  objects  invisible  from  his  original 
station,  in  a  way  which  may  be  not  inaptly  illustrated  by  comparing 
him  to  a  person  standing  in  a  park  close  to  a  large  tree.  The 
massive  obstacle  presented  by  its  trunk  cuts  off  his  view  of  all 
those  parts  of  the  landscape  which  it  occupies  as  an  object ;  but 
by  walking  round  it  a  complete  successive  view  of  the  whole 
panorama  may  be  obtained. .  Just  in  the  same  way,  if  we  set  off 
from  any  station,  as  London,  and  travel  southwards,  we  shall  not 
fail  to  notice  that  many  celestial  objects  which  are  never  seen  from 
London  come  successively  into  view,  as  if  rising  up  above  the 
horizon,  night  after  night,  from  the  south,  although  it  is  in  reality  ' 
our*  horizon,  which,  travelling  with  us  southwards  round  the 
sphere,  sinks  in  succession  beneath  them.  The  novelty  and  splen- 
dour of  fresh  constellations  thus  gradually  brought  into  view  in  the 


* 

Fig.  6. 


^ 

* 


# 


» 
* 


•if 
* 


clear  calm  nights  of  tropical  climates,  in  long  voyages  to  the  south, 
is  dwelt  upon  by  all  who  have  enjoyed  this  spectacle,  and  never 
fails  to  impress  itself  on  the  recollection  among  the  most  delightful 
and  interesting  of  the  associations  connected  with  extensive  travel. 
A  glance  at  the  accompanying  figure,  exhibiting  three  successive 
Stations  of  a  traveller,  A,  B,  C,  with  the  horizon  corresponding  to 
each,  will  place  this  process  in  clearer  evidence  than  any  descrip- 
tion. 
(52.)  Again:  suppose  the  earth  itself  to  have  a  motion  of  rota- 
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don  on  its  centre.  It  is  evident  that  a  spectator  at  rest  (as  it 
appears  to  him)  on  any  part  of  it  will,  unperceived  by  himself, 
be  carried  round  with  it :  unperceived,  we  say,  because  his  hori« 
zon  will  constantly  contain,  and  be  limited  by,  the  same  terrestrial 
objects.  He  will  have  the  same  landscape  constantly  before  his 
eyes,  in  which  all  the  femiliar  objects  in  it,  which  serve  him  for 
landmarks  and  directions,  retain,  with  respect  to  hiinself  or  to 
each  other,  the  same  invariable  situations.  The  perfect  smooth- 
ness and  equality  of  the  motion  of  so  vast  a  mass,  in  which  every 
object  he  sees  around  him  participates  alike,  will  (art.  15,)  prevent 
his  entertaining  any  suspicion  of  his  actual  change  of  place.  Yet, 
with  respect  to  external  objects,— that  is  to  6ay,  all  celestial  ones 
which  do  not  participate  in  the  supposed  rotation  of  the  earth, — 
his  horizon  will  have  been  all  the  while  shifting  in  its  relation  to 
them,  precisely  as  in  the  case  of  our  traveller  in  the  foregoing 
article.  Recurring  to  the  figure  of  that  article,  it  is  evidently  the 
same  thing,  so  far  as  their  visibility  is  concerned,  whether  be  has 
been  carried  by  the  earth's  rotation  successively  into  the  situations 
A,  B,  C ;  or  whether,  the  earth  remaining  at  rest,  he  has  transferred 
himself  personally  along  its  surfoce  to  those  stations.  Our  specta- 
tor in  the  park  will  obtain  precisely  the  same  view  of  the  land- 
scape, whether  he  walk  round  the  tree,  or  whether  we  suppose  it 
sawed  off,  and  made  to  turn  on  an  upright  pivot,  while  he  stands 
on  a  projecting  step  attached  to  it,  and  allows  himself  to  be  carried 
round  by  its  motion.  The  only  difference  will  be  in  his  view  of 
the  tree  itself,  of  which,  in  the  former  case,  he  will  see  every  part, 
but,  in  the  latter,  only  that  portion  of  it  which  remains  constantly 
opposite  to  him,  and  immediately  under  his  eye. 

(53.)  By  such  a  rotation  of  the  earth,  then,  as  we  have  supposed, 
the  horizon  of  a  stationary  spectator  will  be  constantly  depressing 
itself  below  those  objects  which  lie  in  that  region  of  space  towards 
which  the  rotation  is  carrying  him,  and  elevating  itself  above  those 
in  the  opposite  quarter,  admitting  into  view  the  former,  and  succes- 
sively hiding  the  latter.  As  the  horizon  of  every  such  spectator, 
however,  appears  to  kim  motionless,  all  such  changes  will  be 
referred  by  him  to  a  motion  in  the  objects  themselves  so  succes- 
sively disclosed  and  concealed.  In  place  of  his  horizon  approach- 
ing the  stars,  therefore,  he  will  judge  the  stars  to  approach  his 
horizon;  and  when  it  passes  over  and  hides  any  of  them,  he  will 
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consider  them  as  having  sunk  below  it,  or  set;  while  those  it  has 
just  disclosed,  and  from  which  it  is  receding,  will  seem  to  be  rising 
above  it 

(54.)  If  we  suppose  this  rotation  of  the  earth  to  continue  in  one 
and  the  same  direction, — that  is  to  say,  to  be  performed  round  one 
and  the  same  aads^  till  it  has  completed  an  entire  revolution,  and 
come  back  to  the  position  from  which  it  set  out  when  the  specta* 
tor  began  his  observations, — ^it  is  manifest  that  every  thing  will 
then  be  in  precisely  the  same  relative  position  as  at  the  outset :  all 
the  heavenly  bodies  will  appear  to  occupy  the  same  places  in  the 
concave  of  the  sky  which  they  did  at  Jthat  instant,  except  such  as 
may  ha?e  actually  moved  in  the  interim  ;  and  if  the  rotation  still 
continue,  the  same  phenomena  of  their  successive  rising  and  set- 
ting, and  return  to  the  same  places,  will  continue  to  be  repeated 
in  the  same  order,  and  (if  the  velocity  of  rotation  be  uniform)  in 
equal  intervals  of  time,  ad  infinitum. 

(55.)  Now,  in  this  we  have  a  lively  picture  of  that  grand  phe* 
nomenon,  the  most  important  beyond  all  comparison  which  nature 
presents,  the  daily  rising  and  setting  of  the  sun  and  stars,  their 
progress  through  the  vault  of  the  heavens,  and  their  return  to  the 
same  apparent  places  at  the  same  hours  of  the  day  and  night. 
The  accomplbhment  of  this  restoration  in  the  regular  interval  of 
twenty-four  hours  is  the  first  iustance  we  encounter  of  that  great 
law  of  periodicity f^  which,  as  we  shall  see,  pervades  all  astronomy ; 
by  which  expression  we  understand  the  continual  reproduction  of 
the  same  phenomena,  in  the  same  order,  at  equal  intervals  of 
time. 

(56.)  A  free  rotation  of  the  earth  round  its  centre,  if  it  exist 
and  be  performed  in  consonance  with  the  same  mechanical  laws 
which  obtain  in  the  motions  of  masses  of  matter  under  our  imme- 
diate control,  and  within  our  ordinary  experience,  must  be  such 
as  to  satisfy  two  essential  conditions.  It  must  be  invariable  in  its 
direction  unih  respect  to  the  sphere  itself^  and  uniform  in  its  velo- 
city. The  rotation  must  be  performed  round  an  axis  or  diameter 
of  the  sphere,  whose  poles  or  extremities,  where  it  meets  the  sur- 
face, correspond  always  to  the  same  points  on  the  sphere.  Modes 
of  rotation  of  a  solid  body  under  the  influence  of  external  agency 
are  conceivable,  in  which  the  poles  of  the  imaginary  line  or  axis 

*  XlifAo^if  a  going  round,  a  circolation  or  revolutioii. 
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about  which  it  is  at  any  moment  revolving  shairhold  no  fixed 
places  on  the  surfiaice,  but  shift  upon  it  every  moment.  Such 
changes,  however,  are  inconsistent  with  the  idea  of  a  rotation  of  a 
body  of  regular  figure  about  its  axis  of  symmetry,  performed  in 
free  space,  and  without  resistance  or  obstruction  from  any  sur- 
rounding medium,  or  disturbing  influences.  The  complete  ab- 
sence of  such  obstructions  draws  with  it,  of  necessity,  the  strict 
fulfilment  of  the  two  conditions  above  mentioned. 

(57.)  Now,  these  conditions  are  in  perfect  accordance  with 
what  we  observe,  and  what  recorded  observation  teaches  us,  io 
respect  of  the  diurnal  motions  of  the  heavenly  bodies.  We  have 
no  reason  to  believe,  from  history,  that  any  sensible  change  has 
taken  place  since  the  earliest  ages  in  the  interval  of  time  elapsing 
between  two  successive  returns  of  the  same  star  to  the  same  point 
of  the  sky ;  or,  rather,  it  is  demonstrable  from  astronomical  re- 
cords that  no  such  change  has  taken  place.  And  with  respect  to 
the  other  condition^^^he  permanence  of  the  axis  of  rotation^ — the 
appearances  which  any  alteration  in  that  respect  must  produce, 
would  be  marked,  as  we  shall  presently  show,  by  a  corresponding 
change  of  a  very  obvious  kind  in  the  apparent  motions  of  the 
stars  ;  which^  again,  history  decidedly  declares  them  not  to  have 
undergone. 

(58.)  But,  before  we  proceed  to  examine  more  in  detail  how 
the  hypothesis  of  the  rotation  of  the  earth  about  an  axis  accords 
with  the  phenomena  which  the  diurnal  motion  of  the  heavenly 
bodies  offers  to  our  notice,  it  will  be  proper  to  describe,  with  pre- 
cision, in  what  that  diurnal  motion  consists,  and  how  far  it  is  par- 
ticipated in  by  them  all ;  or  whether  any  of  them  form  exceptions, 
wholly  or  partially,  to  the  common  analogy  of  the  rest.  We  will, 
therefore,  suppose  the  reader  to  station  himself,  on  a  clear  evening, 
just  after  sunset,  when  the  first  stars  begin  to  appear,  in  some 
open  situation  whence  a  good  general  view  of  the  heavens  can  be 
obtained.  He  will  then  perceive,  above  and  around  him,  as  it 
were,  a  vast  concave  hemispherical  vault,  beset  with  stars  of  vari- 
ous magnitudes,  of  which  the  brightest  only  will  first  catch  his 
attention  in  the  twilight ;  and  more  and  more  will  appear  as  the 
darkness  increases,. till  the  whole  sky  is  overspangled  with  them. 
When  he  has  awhile  admired  the  calm  magnificence  of  this  glorious 
spectacle,  the  theme  of  so  much  song,  and  of  so  much. thought, — 
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a  spectacle  which  no  one  can  view  without  emotion ,  and  without 
a  longing  desire  to  know  something  of  its  nature  and  purport,-* 
let  him  fix  his  attention  more  particularly  on  a  few  of  the  most 
brilliant  stars,  such  as  he  cannot  fail  to  recognize  again  without 
mistake  after  looking  away  from  th^  for  some  time,  and  let  him 
refer  their  apparent  situations  to  some  surrounding  objects,  as 
buildings,  trees,  &c.,  selecting  purposely  such  as  are  in  different 
quarters  of  his  horizon.  On  comparing  them  again  with  their  re» 
spective  points  of  reference,  after  a  moderate  interval,  as  the  night 
advances,  he  will  not  hi\  to  perceive  that  they  hare  changed  their 
places,  and  advanced,  as  by  a  general  movement,  in  a  westward 
direction ;  those  towards  the  eastern  quarter  appearing  to  rise  or 
recede  from  the  horizon,  while  those  which  lie  towards  the  west 
will  be  seen  to  approach  it;  and,  if  watched  long  enough,  will, 
for  the  most  part,  finally  sink  beneath  it,  and  disappear ;  while 
others,  in  the  eastern  quarter,  will  be  seen  to  rise  as  if  out  of  th€ 
earth,  and,  joining  in  the  general  procession,  will  take  their  course 
with  the  rest  towards  the  opposite  quarter. 

(59.)  If  he  persist  for  a  considerable  time  in  watching  their 
motions,  on  the  same  or  on  several  successive  nights,  he  will  pe^> 
ceive  that  each  star  appears  to  describe,  as  fiur  as  its  course  lies 
above  the  horizon,  a  circle  in  the  sky ;  that  the  circles  so  described 
are  not  of  the  same  magnitude  for  all  the  stars;  and  that  those 
described  by  different  stars  differ  greatly  in  respect  of  the  parts  of 
them  which  lie  above  the  horizon.  Some,  which  lie  towards  the 
quarter  of  the  horizon  which  is  denominated  the  South,*  only 
remain  for  a  short  time  above  it,  and  disappear,  after  describing 
in  sight  only  the  small  upper  segment  of  their  diurnal  circle; 
others,  which  rise  between  the  south  and  east,  describe  larger  seg« 
ments  of  their  circles  above  the  horizon,  remain  proportionally 
longer  in  sight,  and  set  precisely  as  far  to  the  westward  of  south 
as  they  rose  to  the  eastward ;  while  such  as  rise  exactly  in  the 
east  remain  just  twelve  hours  visible,  describe  a  semicircle,  and 
set  exactly  in  the  west.  With  those,  again,  which  rise  between 
the  east  and  north,  the  same  law  obtains ;  at  least,  as  far  as  regards 
the  time  of  their  remaining  above  the  horizon,  and  the  proportion 
of  the  visible  segment  of  their  diurnal  circles  to  their  whole  cir- 

*  We  suppose  our  observer  to  be  stationed  in  some  northern  latitude ;  some- 
where  in  Europe,  for  example. 
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cumferenees.  Both  go  on  iDcreasing ;  thej  remain  in  view  more 
than  twelve  hoars,  and  their  visible  diurnal  arcs  are  more  than  semi- 
circles. But  the  mi^itudes  of  the  circles  themselves  diminish, 
as  we  go  from  the  east,  northward ;  the  greatest  of  all  the  circles 
being  described  by  those  wj^ich  rise  exactly  in  the  east  point. 
Carrying  his  eye  fivther  northwards,  he  will  notice,  at  length,  stars 
which,  in  their  diurnal  motion,  just  graze  the  horizon  at  its  north 
point,  or  only  dip  below  it  for  a  moment ;  while  others  never  reach 
it  at  all,  but  continue  always  above  it,  revolving  in  entire  circles 
round  one  point  called  the  pole,  which  appears  to  be  the  com- 
mon centre  of  all  their  motions,  and  which  alone,  in  the  whole 
heavens,  may  be  considered  immovable.  Not  that  this  point  is 
marked  by  any  star.  It  is  a  purely  imaginary  centre ;  but  there 
is  near  it  one  considerably  bright  star,  called  the  Pole  Star,  which 
is  easily  recognized  by  the  very  small  circle  it  describes ;  so  small, 
indeed,  that,  without  paying  particular  attention,  and  referring  its 
position  very  nicely  to  some  fixed  mark,  it  may  easily  be  supposed 
at  rest,  and  be,  itself,  mistaken  for  the  common  centre  about 
which  all  the  others  in  that  region  describe  their  circles ;  or  it  may 
be  known  by  its  configuration  with  a  very  splendid  and  remarka- 
ble constellation  or  group  of  stars,  called  by  astronomers  the 
Great  Beab. 

(60.)  He  will  further  observe,  that  the  apparent  relative  situa- 
tions of  all  the  stars  among  one  another,  is  not  changed  by  their 
diurnal  motion.  In  whatever  parts  of  their  circles  they  are  ob- 
serred,  or  at  whatever  hour  of  the  night,  they  form  with  each 
other  the  same  identical  groups  or  configurations,  to  which  the 
name  of  constellations  has  been  given.  It  is  true,  that,  in  dif- 
ferent parts  of  their  course,  these  groups  stand  differently  with 
respect  to  the  horizon ;  and  those  towards  the  north,  when  in  the 
course  of  their  diurnal  movement  they  pass  alternately  above  and 
below  that  common  centre  of  motion  described  in  the  last  article, 
become  actually  inverted  with  respect  to  the  horizon,  while,  on 
the  other  hand,  they  always  turn  the  same  points  towards  the  pole. 
In  short,  he  will  perceive  that  the  whole  assemblage  of  stars  visi- 
ble at  once,  or  in  succession,  in  the  heavens,  may  be  regarded  as 
one  great  constellation,  which  seems  to  revolve  with  a  uniform 
motion,  as  if  it  formed  one  coherent  mass  ;  or  as  if  it  were  attach- 
ed to  the  internal  surface  of  a  vast  hollow  sphere,  having  the  earth, 
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or  rather  the  spectator,  in  its  centre,  and  tarning  round  an  axis 
inclined  to  his  horizon,  so  as  to  pass  through  that  fixed  point  or 
pole  already  mentioned. 

(61.)  Lastly,  he  will  notice,  if  he  have  patience  to  out  watch  a 
long  winter's  night,  commencing  at  the  earliest  moment  when  the 
stars  appear,  and  continuing  till  mTrning  twilight,  that  those  stars 
which  he  observed  setting  in  the  west  have  again  risen  in  the  east, 
while  those  which  were  rising  when  he  first  began  to  notice  them 
have  completed  their  course,  and  are  now  set ;  and  that  thus  the 
hemisphere,  or  a  great  part  of  it,  which  was  then  above,  is  now 
beneath  him,  and  its  place  supplied  by  that  which  was  at  first 
under  his  feet,  which  he  will  thus  discover  to  be  no  less  copiously 
furnished  with  stars  than  the  other,  and  bespangled  with  groups  no 
less  permanent  and  distinctly  recognizable.     Thus  he  will  learn 
that  the  great  constellation  we  have  above  spoken  of  as  revolving 
round  the  pole  is  co-extensive  with  the  whole  surface  of  the  sphere, 
being  in  reality  nothing  less  than  a  universe  of  luminaries  surround- 
ing the  earth  on  all  sides,  and  brought  in  succession  before  his  view, 
and  referred  (each  luminary  according  to  its  own  visual  ray  or  direc- 
tion from  his  eye)  to  the  imaginary  spherical  surface,  of  which  he 
himself  occupies  the  centre.    (See  art.  49.)    There  is  always, 
therefore  (he  would  justly  argue),  a  star-bespangled  canopy  over 
his  head,  by  day  as  well  as  by  night,  only  that  the  glare  of  day- 
light (which  he  perceives  graduallyto  efface  the  stars  as  the  morn- 
ing twilight  comes  on)  prevents  them  from  bemg  seen.    And  such 
is  really  the  case.    The  stars  actually  continue  visible  through 
telescopes  in  the  day-time ;  and  in  proportion  to  the  power  of  the 
instrument,  not  only  the  largest  and  brightest  of  them,  but  even 
those  of  inferior  lustre,  such  as  scarcely  strike  the  eye  at  night  as 
at  all  conspicuous,  are  readily  found  and  followed  even  at  noon- 
day,—unless  m  that  part  of  the  sky  which  is  very  near 'the  sun, — 
by  those  who  possess  the  means  of  pointing  a  telescope  accurately 
to  the  proper  places.    Indeed  from  the  bottoms  of  deep  narrow 
pits,  such  as  a  well,  or  the  shaft  of  a  mine,  such  bright  stars  as 
pass  the  zenith  may  even  be  discerned  by  the  naked  eye ;  and  we 
have  ourselves  heard  it  stated  by  a  celebrated  optician,  that  the  ear- 
liest circumstance  which  drew  his  attention  to  astronomy  was  the 
regular  appearance,  at  a  certain  hour,  for  several  successive  days, 
of  a  considerable  star,  through  the  shaft  of  a  chimney.  Venus  in  our 
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climate,  and  even  Jupiter  in  the  clearer  skies  of  tropical  countries, 
are  often  visible,  virithout  any  artificial  aid,  to  the  naked  eye  of  one 
who  knows  nearly  where  to  look  for  them.  During  total  eclipses 
of  the  sun,  the  larger  stars  also  appear  in  their  proper  situations. 

(62.)  But  to  return  to  our  incipient  astronomer,  whom  we  left 
contemplating  the  sphere  of  th^heavens,  as  completed  in  imaginan 
tion  beneath  bis  feet,  and  as  rising  up  from  thence  in  its  diurnal 
course.  There  is  one  portion  or  segment  of  this  sphere  of  which 
he  will  not  thus  obtain  a  view.  As  there  is  a  segment  towards 
the  north,  adjacent  to  the  pole  above  his  horizon,  in  which  the 
stars  never  set^  so  there  is  a  corresponding  segment,  about  which 
the  smaller  circles  of  the  more  southern  stars  are  described^  in 
which  they  never  rise.  The  stars  which  border  upon  the  extreme 
circumference  of  this  segtaent  just  graze  the  southern  point  of  his 
horizon,  and  show  themselves  for  a  few  moments  above  it,  pre- 
cisely as  those  near  the  circumference  of  the  northern  segment 
graze  his  northern  horizon,  and  dip  for  a  moment  below  it,  to  re- 
appear immediately.  Every  point  in  a  spherical  surface  has,  of 
course,  another  diametrically  opposite  to  it ;  and  as  the  spectator's 
horizon  divides  his  sphere  into  two  hemispheres — a  superior  and 
inferior — ^tbere  must  of  necessity  exist  a  depressed  pole  to  the 
south,  corresponding  to  the  elevated  one  to  the  north,  and  a  por* 
tion  surrounding  it,  perpetually  beneath,  as  there  is  another  sur- 
rounding the  north  pole,  perp^ually  above  it. 

"  Hie  vertex  nolns  temper  rablimiB ;  at  ilium 
Sub  pedibus  nox  atra  Tidet,  maneeqae  pioiimdL''-— Viaeii. 

One  pole  rides  high,  one,  plunged  beneath  the  main, 
Seeks  the  deep  night,  and  Pluto's  dusky  reign. 

(63.)  To  get  sight  of  this  segment,  he  must  travel  southwards. 
In  so  doing,  a  new  set  of  phenomena  come  forward.  In  propor- 
tion as  he  advances  to  the  south,  some  of  those  constellations 
which,  at  his  original  station,  barely  grazed  the  northern  horizon, 
will  be  observed  to  sink  below  it  and  set ;  at  first  remaining  hid 
only  for  a  very  short  time,  but  gradually  for  a  longer  part  of  the 
twenty-four  hours.  They  will  continue,  however,  to  circulate 
about  the  same  point — that  is,  holding  the  same  invariable  position 
with  respect  to  them  in  the  concave  of  the  heavens  among  the  stars; 
but  this  point  itself  will  become  gradually  depressed  with  respect 
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to  tbe  spectator's  horizon.  The  axis,  in  short,  about  which  the 
diurnal  motion  is  performed,  will  appear  to  have  become  con« 
tinually  less  and  less  inclined  to  the  horizon ;  and  by  the  same 
degrees  as  the  northern  pole  is  depressed  the  southern  will  rise, 
and  constellations  surrounding  it  will  come  into  view;  at  first 
momentarily,  but  by  degrees  for  longer  and  longer  times  in  each 
diurnal  revolution — ^realizing,  in  short,  what  we  have  already  stated 
in  art.  51. 

(64.)  If  he  travel  continually  southwards,  be  will  at  length  reach 
a  line  on  the  earth's  service,  called  the  equator j  at  any  point  of 
which,  indifferently,  if  he  take  up  his  station  and  recommence  his 
observations,  he  will  find  that  he  has  both  the  centres  of  diurnal 
motion  in  his  horizon,  occupying  opposite  points,  the  northern  Pole 
having  been  depressed,  and  the  southern  raised ;  so  that,  in  this 
gec^[raphical  position,  the  diurnal  rotation  of  the  heavens  will 
appear  to  him  to  be  performed  about  a  horizontal  axis,  every  star 
describing  half  its  diurnal  circle  above  and  half  beneath  his  horizon, 
remaining  alternately  visible  for  twelve  hours,  and  concealed  during 
the  same  interval.  In  this  situation,  no  part  of  the  heavens  is  con* 
cealed  from  his  tucoeisive  view.  In  a  night  of  twelve  hours, 
(supposing  such  a  continuance  of  darkness  possible  at  the  equator) 
the  whole  sphere  will  have  passed  in  review  over  him — the  whole 
hemisphere  with  which  he  began  his  night's  observation  will  have 
been  carried  down  beneath  him,  and  the  entire  opposite  one 
brought  up  from  below. 

(65.)  If  he  pass  the  equator,  and  travel  still  farther  southwards, 
the  southern  pole  of  the  heavens  will  become  elevated  above  his 
horizon,  and  the  northern  will  sink  below  it ;  and  the  more,  tbe 
farther  he  advances  southwards ;  and  when  arrived  at  a  station  as 
far  to  the  south  of  the  equator  as  that  from  which  he  started  was 
to  the  north,  he  will  find  the  whole  phenomena  of  the  heavens 
reversed.  The  stars  which  at  his  original  station  described  their 
whole  diumcd  circles  above  his  horizon,  and  never  set,  now  describe 
them  entirely  below  it,  and  never  riMe^  but  remain  constantly  in- 
visible to  him ;  and  vice  versd^  those  stars  which  at  his  former 
station  he  never  saw,  he  will  now  never  cease  to  see. 

(66.)  Finally,  if,  instead  of  advancing  southwards  from  his  first 
station,  he  travel  northwards,  he  will  observe  the  northern  pole  of 
the  heavens  to  become  more  elevated  above  his  horizon,  and  the 
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southern  more  depressed  below  it.  la  consequence,  his  hemisphere 
will  present  a  less  variety  of  stars,  because  a  greater  proportion  of 
the  whole  surface  of  the  heavens  remains  constantly  visible  or  con- 
stantly invisible :  the  circle  described  by  each  star,  too,  becomes 
more  nearly  parallel  to  the  horizon ;  and,  in  short,*  every  appear- 
ance  leads  to  suppose  that  could  he  travel  far  enough  to  the  north, 
he  would  at  length  attain  a  point  vertically  under  the  northern 
pole  of  the  heavens,  at  which  none  of  the  stars  would  either  rise 
or  set,  but  each  would  circulate  round  the  horizon  in  circles  parallel 
to  it.  Many  endeavours  have  been  made  to  reach  this  point,  ^hich 
is  called  the  north  pole  of  the  earth,  but  hitherto  without  success ; 
a  barrier  of  almost  insurmountable  difficulty  being  presented  by 
the  increasing  rigour  of  the  climate :  but  a  very  near  approach  to 
it  has  been  made ;  and  the  phenomena  of  those  regions,  though  not 
precisely  such  as  we  have  described  as  what  must  subsist  at  the 
pole  itself,  have  proved  to  be  in  exact  correspondence  with  its 
near  proximity.  A  similar  remark  applies  to  the  south  pole  of  the 
earth,  which,  however,  is  more  unapproachable,  or,  at  least,  has 
been  less  neariy  approached,  than  the  north. 

(67.)  The  above  is  an  account  of  the  phenomena  of  the  diurnal 
motion  of  the  stars,  as  modified  by  different  geographical  situa* 
tions,  not  grounded  on  any  speculation,  but  actually  observed  and 
recorded  by  travellers  and  voyagers.  It  is,  however,  in  complete 
accordance  with  the  hypothesis  of  a  rotation  of  the  earth  round  a 
fixed  axis.  In  order  to  show  this,  however,  it  will  be  necessary 
to  premise  a  few  observations  on  paralhcHc  motion  in  general, 
and  on  the  appearances  presented  by  an  assemblage  of  remote 
objects,  when  viewed  from  different  parts  of  a  small  and  circum- 
scribed station. 

(68.)  It  has  been  shown  (art.  16,)  that  a  spectator  in  smooth 
motion,  and  surrounded  by,  and  forming  part  of,  a  great  system 
partaking  of  the  same  motion,  is  unconscious  of  his  own  move- 
ment, and  transfers  it  in  idea  to  objects  external  and  unconnected, 
in  a  contrary  direction ;  those  which  he  leaves  behind  appearii'g 
to  recede  from,  and  those  which  he  advances  towards  to  approach, 
him.  Not  only,  however,  do  external  objects  at  rest  appear  in 
motion  generally,  with  respect  to  ourselves  when  we  are  in  motion 
among  them,  but  they  appear  to  move  one  among  the  other — ^they 
shift  their  re^oe  apparent  places.     Let  any  one  travelling  rapidly 
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along  B  high  road  fix  his  eye  steadily  on  any  object^  but  at  the 
same  time  not  entirely  withdraw  his  attention  from  the  general 
landscapey-r-he  will  see,  or  think  he  sees,  the  whole  landscape 
thrown  into  rotaiianj  and  moving  round  that  object  as  a  centre ; 
all  objects  between  it  and  himself  appearing  to  move  backwards^ 
or  the  contrary  way  to  his  own  motion ;  and  all  beyond  it,  fr^r- 
wards,  or  in  the  direction  in  which  he  mores :  but  let  him  with- 
draw his  eye  from  that  object,  and  fix  it  on  another,—^  nearer 
one,  for  instance,— •immediately  the  appearance  of  rotation  shifts 
also,  and  the  apparent  centre  about  which  this  illusive  circulation 
is  performed  is  transferred  to  the  new  object,  which,  for  the 
moment,  appears  to  rest.  This  apparent  chaise  of  situation  of 
objects  with  respect  to  one  another,  arising  from  a  motion  of  the 
spectator,  is  called  a  paralladic  motion.  To  see  the  reason  of  it 
we  must  consider  that  the  position  of  every  object  is  referred  by 
as  to  the  surface  of  an  imaginary-sphere  of  an  indefinite  radius, 
having  our  eye  for  its  centre ;  and,  as  we  advance  in  any  direc* 
tion,  A  B,  carrying  this  imaginary  sphere  filong  with  us,  the  visual 


rays  A  P,  A  Q,  by  which  objects  are  referred  to  its  surface  (at  C, 
for  instance),  shift  their  positions  with  respect  to  the  line  in  which 
we  move,  A  B,  which  serves  as  an  axis  or  line  of  reference,  and 
assume  new  positions,  B  P  jp,  B  Q  j,  revolving  round  their  re- 
spective objects  as  centres.  -  Their  intersections,  therefore,  p,  5, 
with  our  visual  sphere,  will  appear  to  recede  on  its  surface,  but 
with  different  degrees  of  angular  velocity  in  proportion  to  their 
proximity ;  the  same  distance  of  advance  A  B  subtending  a  greater 
angle,  A  P  B=c  Pp,  at  the  near  object  P  than  at  the  remote 

one  Q. 

(69.)  A  consequence  of  the  familiar  appearance  we  have  ad- 
duced in  illustration  of  these  principles  is  worth  noticing,  as  we 
shall  have  occasion  to  refer  to  it  hereafter.  We  observe  that 
every  object  nearer  to  us  than  that  on  which  our  eye  is  fixed 
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appears  to  recede,  and  those  farther  from  us  to  adirance  in  relation 
to  one  another.  If  then  we  did  not  know,  or  could  not  judge  by 
any  other  appearances,  which  of  two  objects  were  nearer  to  us, 
this  apparent  advance  or  recess  of  one  of  them,  when  the  eye  is 
kept  steadily  fixed  on  the  other,  would  furnish  a  criterion.  In  a 
dark  night,  for  instance,  when  all  intermediate  objects  are  unseen, 
the  apparent  relative  movement  of  two  lights  which  we  are  assured 
are  themselves  fixed,  will  decide  as  to  their  relative  proximities. 
That  which  seems  to  advance  with  us  and  gain  upon  the  other,  or 
leave  it  behind  it,  is  the  farthest  from  us. 

(70.)  The  apparent  angular  motion  of  an  object,  arising  firom 
a  change  of  our  point  of  view,  is  called  in  general  parallax^  and 
it  is  always  expressed  by  ihe  angle  A  P  B  subtended  at  the  otjeci 
P  (see  fig.  of  art.  68,)  by  a  line  joining  the  two  points  of  view  A 
B  under  consideration.  For  it  is  evident  that  the  difierence  of 
angular  position  of  P,  with  respect  to  the  invariable  direction.  A  B 
D,  when  viewed  from  A  and  firom  B,  is  the  difference  of  the  two 
angled  D  B  P  and  DAP;  now,  D  B  P  being  the  exterior  angle  of 
the  triangle  A  B  P,  is  equal  to  the  sftm  of  the  interior  and  oppo- 
site, DPB=DAP  +  APB,  whence  DBP  —  DAP  = 
APB. 

(71.)  It  follows  from  what  has  been  said  that  the  amount  of 
parallactic  motion  arising  from  any  given  change  of  our  point  of 
view  is,  cateris  paribus^  less,  as  the  distance  of  an  object  viewed 
is  greater ;  and  when  that  distance  is  extremely  great  in  compari- 
son with  the  change  in  our  point  of  view,  the  parallax  becomes 
insensible ;  or,  in  other  words,  objects  do  not  appear  to  vary  in 
situation  at  al).  It  is  on  this  principle,  that  in  alpine  regions  visited 
for  the  first  time,  we  are  surprised  and  confounded  at  the  little  pro- 
gress we  appear  to  make  by  a  considerable  change  of  place.  An 
hour's  walk,  for  instance,  produces  but  a  small  parallactic  change 
in  the  relative  situations  of  the  vast  and  distant  masses  which  sur* 
round  us.  Whether  we  walk  round  a  circle  of  a  hundred  yards 
in  diameter,  or  merely  turn  ourselves  round  in  its  centre,  the  dis- 
tant panorama  presents  almost  exactly  the  same  aspect, — we  hardly 
seem  to  have  changed  our  point  of  view. 

(72.)  Whatever  notion,  in  other  respects,  we  may  form  of  the 
stars,  it  is  quite  clear  they  must  be  immensely  distant.  Were  it 
not  so,  the  apparent  angular  interval  between  any  two  of  them 
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9eeD  over  head  would  be  much  greater  than  when  seen  near  the 
honzon,  and  the  constellations,  instead  of  preserving  the  same 
appearances  and  dimensions  during  their  whole  diurnal  course, 
would  appear  to  enlarge  as  they  rise  higher  in  the  sky,  as  we  see 
a  small  cloud  in  the  horizon  swell  into  a  great  overshadowing 
canopy  when  drifted  by  the  wind  across  our  zenith,  or  as  may 
be  seen  in  the  annexed  figure,  where  a  6,  A  B,  a  fr,  are  three  dif- 
ferent positions  of  the  same  stars,  as  they  would,  if  near  the  earth, 


Fig.8. 


be  seen  from  a  spectator  S,  under  th^e  visual  angles  a  S  6,  A  S  B. 
No  such^  change  of  apparent  dimension,  however,  is  observed. 
The  nicest  measurements  of  the  apparent  angular  distance  of  any 
two  siarg  inter  se,  taken  in  any  parts  of  their  diurnal  course,  (after 
allowing  for  the  unequal  eflects  of  r^raction,  or  when  taken  at 
such  times  that  this  caus6  of  distortion  shall  act  equally  on  both,) 
manifest  not  the  slightest  perceptible  variation.  Not  only  this,  but 
at  whatever  point  of  the  earth's  surface  the  measurement  is  per- 
formed, the  results  are  absolutely  identical.  No  instruments  ever 
yet  invented  by  man  are  delicate  enough  to  indicate,  by  an  increase 
or  diminution  of. the  angle  subtended,  that  one  point  of  the  earth 
is  nearer  to  or  further  from  the  stars  than  another. 

(73  )  The  necessary  conclusion  from  this  is,  that  the  dimensions 
of  the  earth,  large  as  it  is,  are  comparatively  nothings  absolutely 
imperceptible,  when  compared  with  the  interval  which  separates 
the  stars  from  the  earth.  If  an  observer  walk  round  a  circle  not 
more  than  a  few  yards  in  diameter,  and  from  different  points  in 
its  circumference  measure  with  a  sextant  or  other  more  exact  in- 
strument adapted  for  the  purpose,  the  angles  P  A  Q,  P  B  Q,  P  C 
Q,  subtended  at  those  'stations  by  tvK>  well-defined  points  in  his 
visible  horizon,  P  Q,  he  will  at  once  be  advertised,  by  the  differ- 
ence of  the  results,  of  his  change  of  distance  from  them  arising 
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from  his  cbaDge  of  place,  although  that  diflference  may4>e  &o  small 
as  to  produce  no  change  in  their  general  aspect  to  bis  uiaassisted 
sight.  This  is  one  of  the  innumerable  instances  where  accurate 
measurement  obtained  by  instrumental  means  places  us  in  h  totally 
different  situation  in  respect  to  matters  of  facty  and  conclusions 


Fig.  9. 


thence  deducible,  from  what  we  should  hold,  were  we  to  rely  in 
all  cases  on  the  mere  judgment  of  the  eye.  To  so  great  a  nicety 
have  such  observations  been  carried  by  the  aid  of  an  instrument 
called  a  theodolite,  that  a  circle  of  the  diameter  above  mentioned 
may  thus  be  rendered  sengibky  may  thus  be  detected  to  have  a  size^ 
and  an  ascertainable  place^  by  reference  to  objects  distant  by  fully 
100,000  times  its  own  dimensions.  Observations,  differing,  it  is 
true,  somewhat  in  method,  but  identical  in  principle,  and  executed 
with  quite  as  much  exactness,  have  been  applied  to  the  stars,  and 
with  a  result  such  as  has  been  already  stated.  Hence  it  follows, 
incontrovertibly,  that  the  distance  of  the  stars  from  the  earth  cannot 
be  80  small  as  100,000  of  the  earth's  diameters.  It  is,  indeed,  in* 
comparably  greater;  for  we  shall  hereafter  find  it  fully  demonstrated 
that  the  distance  just  named,  immense  as  it  may  appear,  is  yet 
much  underrated. 

(74.)  From  such  a  distance,  to  a  spectator  with  our  faculties, 
and  furnished  with  our  instruments,  the  earth  would  be  impercep- 
tible ;  and,  reciprocally,  an  object  of  the  earth's  size,  placed  at  the 
distance  of  the  stars,  would  be  equally  undiscemible.  If,  there- 
fore, at  the  point  on  which  a  spectator  stands,  we  draw  a  plane 
touching  the  globe,  and  prolong  it  in  imagination  tiH  it  attain  the 
region  of  the  stars,  and  through  the  centre  of  the  earth  conceive 
another  plane  parallel  to  the  former,  and  co-extensive  with  it,  to 


COPBBNICAK  VIKW  09  THB  XABTH'B   MOTION.  68 

pass ;  these,  although  separated  throughout  their  whole  extent  by  the 
same  interval,  yiz.  a  semidiameter  of  the  earth,  will  yet,  on  account 
of  the  vast  distance  at  which  that  interval  is  seen,  be  confounded 
together,  and  undistinguishable  from  each  other  in  the  region  of 
the  stars,  when  viewed  by  a  spectator  on  the  earth.  The  zone 
they  there  include  will  be  of  evanescent  breadth  to  his  eye,  and 
xvill  only  mark  out  a  great  circle  in  the  heavens,  one  and  the  same 
for  both  the  stations.  This  great  circle,  when  spoken  of  as  a 
circle- of  the  sphere,  is  called  the  cdesiial  kariaum  or  simply  the 
horizon,,  and  the  two  planes  just  described  are  also  spoken  of  as 
the  sensible  and  the  rational  horizon  of  the  observer's  station. 

(75.)  From  what  has  been  said  (art.  73,}  of  the  distance  of  the 
stars,  it  follows,  that  if  we  suppose  a  spectator  at  the  centre  of  the 
earth  to  have  his  view  bounded  by  the  rational  horizon,  in  exactly 
the  same  manner  as  that  of  a  corresponding  spectator  on  the  sur^ 
face  is  by  his  sensible  horizon,  the  two  observers  will  see  the  same 
stars  in  the  same  relative  situations,  each  beholding  that  entire 
hemisphere  of  the  heavens  which  is  above  the  celestial  horizon, 
corresponding  to  their  common  zenith.    Now,  so  far  as  appear- 
ances go,  it  is  clearly  the  same  thing  whether  the  heavens,  that  is, 
all  space,  with  its  contents,  revolve  round  a  spectator  at  rest  in  the 
earth's  centre,  or  whether  that  spectator  simply  turn  round  in  the 
opposite  direction  in  his  place,  and  view  them  in  succession.  The 
aspect  of  the  heavens,  at  every  instant,  as  referred  to  his  horizon 
(which  must  be  supposed  to  turn  with  him),  will  be  the  same  in 
both  suppositions.  And  since,  as  has  been  shown,  appearances  are 
also,  so  far  as  the  stars  are  concerned,  the  same  to  a  spectator  on 
the  surface  as  to  one  at  the  centre,  it  follows  that,  whether  we  sup* 
pose  the  heavens  to  revolve  without  the  earth,  or  the  earth  within 
the  heavens,  in  ike  opposite  direction^  the  diurnal  phenomena,  to 
all  its  inhabitants,  will  be  no  way  different. 

(76.)  The  Copernican  astronomy  adopts  the  latter  as  the  true 
explanation  of  these  phenomena,  avoiding  thereby  the  necessity  of 
otherwise  resorting  to  the  cumbrous  mechanism  of  a  solid  but  in* 
visible  sphere,  to  which  the  stars  must  be  supposed  attached,  in 
order  that  they  may  be  carried  round  the  earth  without  derange- 
ment of  their  relative  situations  inter  se.  Such  a  contrivance  wouM, 
indeed,  suflBce  to  explain  the  diurnal  revolution  of  the  stars,  so  as 
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to  <'  save  appearances ;"  but  the  moTements  of  the  suaaod  moon, 
as  well  as  those  of  the  planets,  are  imsompatibie  with  such  a  sup- 
position, as  will  appear  when  we  come  to  treat  of  these  bodies. 
On  the  other  hand,  that  a  spherical  mass  of  moderate  dimensions 
(or,  rather,  when  compared  with  the  surrounding  and  visible  uni- 
verse, of  evanescent  magnitude),  held  by  no  tie,  and  free  to  move 
and  to  revolve,  should  do  so,  in  conformity  with  those  general 
laws  which,  so  far  as  we  know,  regulate  the  motions  of  all  material 
bodies,  is  so  far  from  being  a  postulate  difficult  to  be  conceded, 
that  the  wonder  would  rather  be  should  the  fact  prove  otherwise. 
As  a  postulate,  therefore,  we  shall  henceforth  regard  it ;  and  as,  in 
the  progress  of  our  work,  analogies  offer  themselves  in  its  support 
from  what  we  observe  of  other  celestial  bodies,  we  shall  not  fail  to 
point  them  out  to  the  reader's  notice. 

(77.)  The  earth's  rotation  on  its  axis  so  admitted,  explaining,  as 
it  evidently  does,  the  apparent  motion  of  the  stars  in  a  completely 
satisfactory  manner,  prepares  us  for  the  further  admission  of  its 
motion,  bodily,  in  space,  should  such  a  motion  enable  us  to  ex- 
plain, in  a  manner  equally  so,  the  apparently  complex  and  enigma- 
tical motions  of  the  sun,  moon,  and  planets.  The  Copernican 
astronomy  adopts  this  idea  in  its  full  extent,  ascribing  to  the  earth, 
in  addition  to  its  motion  of  rotation  about  an  axis,  also  one  of 
translation  or  transference  through  space,  in  such  a  course  or  orbit^ 
and  so  regulated  in  direction  and  celerity,  sis,  taken  in  conjunction 
with  the  motions  of  the  other  bodies  of  the  universe,  shall  render 
a  rational  account  of  the  appearances  they  successively  present, — 
that  is  to  say,  an  account  of  which  the  several  parts,  postulates, 
propositions,  deductions,  intelligibly  cohere,  without  contradicting 
each  other  or  the  nature  of  things  as  concluded  from  experience. 
In  this  view  of  the  Copernican  doctrine  it  is  rather  a  geometrical 
conception  than  a  physical  theory,  inasmuch  it  simply  assumes  the 
requisite  motions,  without  attempting  to  explain  their  mechanical 
origin,  or  assign  them  any  dependence  on  physical  causes.  The 
Newtonian  theory  of  gravitation  supplies  this  deficiency,  and,  by 
showing  that  all  the  motions  required  by  the  Copernican  concep- 
tion miLstj  and  that  no  others  can,  result  from  a  single,  intelligible, 
and  very  simple  dynamical  law,  has  given  a  degree  of  certainty  to 
this  conception,  as  a  matter  of  fact,  which  attaches  to  no  other 
creation  of  the  human  mind. 
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(78.)  To  understand  thia  conception  in  its  further  developments, 
the  reader  must  bear  steadily  in  mind  the  distinction  between 
reiaKve  and  absolute  motion.  Nothing  is  easier  to  perceive  thaii 
that,  if  a  spectator  at  rest  view  a  certain  number  of  moving  objects, 
they  will  group  and  arrange  themselves  to  his  tye^  at  each  succes- 
sive moment,  in  a  very  difierent  way  from  what  they  would  do 
were  he  in  active  motion  among  them, — if  he  formed  one  of  them, 
for  instance,  and  joined  in  their  dance.  This  is  evident  from  what 
has  been  said  before  of  parallactic  motion ;  but  it  will  be  asked, 
How  is  such  a  spectator  to  disentangle  from  each  other  the  two 
parts  of  the  apparent  motions  of  these  external  objects, — that 
which  arises  from  the  effect  of  his  own  change  of  place,  and  which 
IS  therefore  only  apparent  (or,  as  a  German  metaphysician  would 
say,  nffr;(0cfit;e*-having  reference  only  to  him  as  perceiving  it), — 
and  that  which  is  real  (or  oijecHve — having  a  positive  existence, 
whether  perceived  by  him  or  not)?  By  what  rule  is  be  to  ascer* 
tain,  from  the  appearances  presented  to  him  while  himself  in 
motion,  what  would  be  the  appearances  were  he  at  rest  ?  It  by  no 
means  follows,  indeed,  that  he  would  even  then  at  once  obtain  a 
clear  conception  of  all  the  motions  of  all  the  objects.  The  appear- 
ances 80  presented  to  him  would  have  still  something  subjective 
about  them.  They  would  be  still  appearances^  not  geometrical 
realities.  They  would  still  have  a  reference  to  the  point  of  view, 
which  might  be  very  unfavourably  situated  (as,  indeed,  is  the  case 
in  our  system)  for  afibrding  a  clear  notion  of  the  real  movement  of 
each  object.  No  geometrical  figure,  or  curve,  is  seen  by  the  eye  as 
it  is  conceived  by  the  mind  to  exist  in  reality.  The  laws  of  per- 
spective interfere  and  alter  the  apparent  directions  and  foreshorten 
the  dimensions  of  its  several  parts.  If  the  spectator  be  unfavour- 
ably situated,  as,  for  instance,  nearly  in  the  plane  of  the  figure 
(which  is  the  case  we  have  to  deal  with),  they  may  do  so  to  such 
an  extent,  as  to  make  a  considerable  efibrt  of  imagination  necessary 
to  pass  from  the  sensible  to  the  real  form. 

(79.)  Still,  preparatory  to  this  ultimate  step,  it  is  first  necessary 
that  the  spectator  should  free  or  clear  the  appearances  from  the 
disturbing  influence  of  his  own  change  of  place.  And  this  he  can 
always  do  by  the  following  general  rule  or  proposition  :— 

The  relative  motion  of  two  bodies  is  the  same  as  if  either  of  them 
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were  at  resij  and  ell  its  motion  communicated  to  the  other  in  an 
opposite  direction,'^ 

Hence,  if  two  bodies  move  alike,  they  will,  when  seen  ffoin 
each  other  (without  reference  to  other  near  bodies,  but  only  to  the 
starry  sphere),  appear  at  rest.  Hence,  also,  if  the  absolute  mo* 
tions  of  two  bodies  be  uniform  and  rectilinear,  their  relative  motion 
is  so  also. 

(80.)  The  stars  are  so  distant,  that  as  we  have  seen  it  is  abso- 
lutely indifferent  from  what  point  of  the  earth ^s  surface  we  view 
them.  Their  configurations  inter  se  are  identically  the  same.  It 
is  otherwise  with  the  sun,  moon,  and  planets,  which  are  neatt 
enough  (especially  the  moon)  to  be  parallac&caUy  displaced  by 
change  of  station  from  place  to  place  on  one  globe.  In  order  that 
astronomers  residing  on  different  points  of  the  earth's  surface 
should  be  able  to  compare  iheir  observations  with  effect,  it  is 
necessary  that  they  should  clearly  understand  and  take  account  of 
this  effect  of  the  difference  of  their  stations  on  the  appearance  of 
(he  outward  universe  as  seen  from  each.  As  an  exterior  object 
seen  from  one  would  appear  to  have  shifted  its  place  were  the 
spectator  suddenly  transported  to  the  other,  so  two  spectators, 
viewing  it  from  the  two  stations  at  the  same  instant,  do  not  see  it 
in  the  same  direction.  Hence  arises  a  necessity  for  the  adoption 
of  a  conventional  centre  of  reference,  or  imaginary  station  of  ob* 
servation  common  to  all  the  world,  to  which  each  observer,  where* 
ever  situated,  may  refer  (or,  as  it  is  called,  reduce)  his  observations, 
by  calculating  and  allowing  for  the  effect  of  his  local  position  with 
respect  to  that  common  centre  (supposing  him  to  possess  the 
necessary  data).  If  there  were  only  two  observers,  in  fixed  sta- 
tions, one  might  agree  to  refer  his  observations  to  the  other 
station ;  but,  as  every  locality  on  the  globe  may  be  a  station  of 
observation,  it  is  far  more  convenient  and  natural  to  fix  upon  a 
point  equally  related  to  all,  as  the  common  point  of  reference ;  and 

*  This  proposition  is  eqaivalont  to  the  following,  which  precisely  meets  the  case 
proposed,  but  requires  somewhat  more  thought  for  its  clear  apprehension  than  can 
perhaps  be  expected  from  a  beginner : — 

Prop. — If  two  bodies,  A  and  B,  be  in  molion  independently  of  each  other,  the 
motion  tohieh  B  seen  from  A  would  appear  to  hone  If  A  were  at  rest  ia  the  same 
with  that  which  it  would  appear  to  haoe^  A  being  in  motion^  if  in  addition  to  its 
own  motion,  a  motion  equal  to  A^s  and  in  the  same  direction  were  eommunieaied 
to  it. 
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this  can  be  no  other  than  the  centre  of  the  globe  itself.  The  paral- 
lactic change  of  apparent  place  which  would  arise  in  an  object, 
could  any  observer  suddenly  transport  himself  to  the  centre  of  the 
earth,  is  evidently  the  angle  C  S  P,  subtended  at  the  object  S  by 
that  radius  C  P  of  the  earth  which  joins  its  centre  and  the  place  P 
of  observation. 

Fig.  10. 


CHAPTER  II. 

TERMINOLOGY  AND  ELEMENTARY  GEOMETRICAL  CONCEPTIONS  AND 
RELATIONS. — TERMINOLOGY  RELATING  TO  THE  GLOBE  OF  THE 
EARTH — TO  THE  CELESTIAL  SPHERE.— CELESTUL  PERSPECTIVE. 

(81.)  Several  of  the  terms  in  use  among  astronomers  have 
been  explained  in  the  preceding  chapter,  and  others  used  antici- 
patively.  But  the  technical  language  of  every  subject  requires 
to  be  formally  stated,  both  for'  consistency  of  usage  and  definite- 
ness  of  conception.  We  shall  therefore  proceed,  in  the  6rst  place, 
to  define  a  number  of  terms  in  perpetual  use,  having  relation  to 
the  globe  of  the  earth  and  the  celestial  sphere. 

(82.)  Definition  1.  The  axis  of  the  earth  is  that  diameter 
about  which  it  revolves,  with  a  uniform  motion, /totti  loest  to  east; 
performing  one  revolution  in  the  interval  which  elapses  between 
any  star  leaving  a  certain  point  in  the  heavens,  and  returning  to 
the  same  point  again. 

(83.)  Def.  2.  The  poks  of  the  earth  are  the  points  where  its 
axis  meets  its  surface.  The  North  Pole  is  that  nearest  to  Europe'; 
the  South  Pole  that  most  remote  from  it. 

(84.)  Def.  3.  The  earth^s  equator  is  a  great  circle  on  its  sur* 
face,  equidistant  from  its  poles,  dividing  it  into  two  hemispheres — 
a  northern  and  a  southern ;  in  the  midst  of  which  are  situated  the 
respective  poles  of  the  earth  of  those  names.  The  plane  of  the 
equator  is,  therefore,  a  plane  perpendicular  to  the  earth's  axis,  and 
passing  through  its  centre. 

(85.)  Def.  4.  The  terrestrial  meridian  of  a  station  on  the  earth's 
surface,  is  a  great  circle  of  the  globe  passing  through  both  poles 
and  through  the  plane.  The  plane  of  the  meridian  is  the  plane 
in  which  that  circle  lies. 

(86.)  Def.  5.  The  sensible  an^  the  rational  horizon  of  any  sta* 
tion  have  been  already  defined  in  art.  74. 

(87.)  Def.  6.  Jl  meridian  line  is  the  line  of  intersection  of  the 
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plane  of  the  meridian  of  any  station  with  the  plane  of  the  sensible 
horizon,  and  therefore  marks  the  north  and  south  pomts  of  the 
hoiizon,  or  the  directions  in  which  a  spectator  must  set  out  if  he 
iMTouId  tiayel  directly  towards  the  north  or  south  pole. 

(88.)  Def.  7.  The  kUUude  of  a  place  on  the  earth's  surface  is 
its  angular  distance  from  the  equator,  measured  on  its  own  terres- 
trial meridian :  it  is  reckoned  in  degrees,  minutes,  and  seconds, 
from  0  up  to  90^,  and  northwards  or  southwards  according  to  the 
hemisphere  the  place  lies  in.  Thus,  the  observatory  at  Greenwich 
b  situated  in  61^  28'  4ff'  north  latitude.  This  definition  of  lati- 
tude, it  will  be  observed,  is  to  be  considered  as  only  temporary. 
A  more  exact  knowledge  of  the  physical  structure  and  figure  of 
the  earth,  and  a  better  acquaintance  with  the  niceties  of  astronomy, 
will  render  some  modification  of  its  terms,  or  a  different  manner  of 
considering  it,  necessary. 

(89.)  Def.  8.  Parallels  of  latitude  are  small  circles  on  the 
earth's  surface  parallel  to  the  equator.  Every  point  in  such  a 
circle  has  the  same  latitude.  Thus,  Greenwich  is  said  to  be 
situated  in  the  parallel  ^  6P  28^  4(y'. 

(90.)  Def.  9.  The  longitude  of  a  place  on  the  earth's  surface 
is  the  inclination  of  its  meridian  to  that  of  some  fixed  station 
refened  to  as  a  point  to  reckon  from.  English  astronomers  and 
geographers  use  the  observatory  at  Greenwich  for  this  station ; 
foreigners  the  principal  observatories  of  their  respective  nations. 
Some  geographers  have  adopted  the  island  of  Ferro.  Hereafter, 
when  we  speak  of  longitude,  we  reckon  from  Greenwich.  The 
longitude  of  a  place  is,  therefore,  measured  by  the  arc  of  the 
equator  intercepted  between  the  meridian  of  the  place  and  that  of 
Greenwich ;  or,  which  is  the  same  thing,  by  the  spherical  angle, 
at  the  pole  included  between  these  meridians. 

(91.)  As  latitude  is  reckoned  north  or  south,  so  longitude  is 
usually  said  to  be  reckoned  west  or  east.  It  would  add  greatly, 
however,  to  systematic  regularity,  and  tend  much  to  avoid  con- 
fusion and  ambiguity  in  computations,  were  this  mode  of  expres- 
sion abandoned,  and  longitudes  reckoned  invariably  westward 
from  their  origin  round  the  whole  circle  from  0  to  360^.  Thus, 
the  longitude  of  Paris  is,  in  common  parlance,  either  2^  2(y  22" 
east,  or  357^  39'  38"  west  of  Greenwich.  But,  in  the  sense  in 
which  we  shall  henceforth  use  and  recommend  others  to  use  the 
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term,  the  latter  is  its  proper  designation.  Longitude  is  also 
reckoned  in  lime  at  the  rate  of  24  h.  for  360°,  or  15*^  per  hour. 
In  this  system  tHe  longitude  of  Paris  is  23h.  60m.  SSJs.* 

(92.)  Knowing  the  longitude  and  latitude  of  a  place,  it  may  be 
laid  down  on  an  artificial  globe ;  and  thus  a  map  of  the  earth  may 
be  constructed.  Maps  of  particular  countries  are  detached  por- 
tions of  this  general  map,  extended  into  planes  ;  or  rather,  they 
are  representations  on  planes  of  such  portions^  executed  according 
to  certain  conventional  systems  bf  rules,  called  prqjecHonSy  the  ob- 
ject of  which  is  either  to  distort  as  little  as  possible  the  outlines  of 
countries  from  what  they  are  on  the  globe — or  to  establish  easy 
means  of  ascertaining,  by  inspection  or  graphical  measurement, 
the  latitudes  and  longitudes  of  places  which  occur  in  them,  with- 
out referring  to  the  globe  or  to  books-^or  for  other  peculiar  uses. 
See  Chap.  IV. 

(93.)  D£F.  10.  The  Tropics  are  two  parallels  of  latitude,  one 
on  the  north  and  the  other  on  the  south  side  of  the  equator,  over 
every  point  of  which  respectively,  the  sun  in  its  diurnal  course 
passes  vertically  on  the  21st  of  March  and  the  21st  of  September 
in  every  year.  Their  latitudes  are  about  23°  28'  respectively,  north 
and  south. 

(94.)  Def.  11.  The  Arctic  and  Antarctic  circles  are  two  small 
circles  or  parallels  of  latitude  as  distant  from  the  north  and  south 
poles  as  the  tropics  are  from  the  equator,  that  is  to  say,  about  23^ 
28' ;  their  latitudes,  therefore,  are  about  66^  32'.  We  say  aboutj 
for  the  places  of  these  circles  and  of  the  tropics  are  continually 
shifting  on  the  earth's  surface,  though  ^ith  extreme  slowness,  as 
will  be  explained  in  its  proper  place. 

(96.)  Def.  12.  The  sphere  of  the  heavens  or  of  the  stars  is  an 
imaginary  spherical  surface  of  infinite  radius,  having  the  eye  of 
any  spectator  for  its  centre,  and  which  may  be  conceived  as  a 
ground  on  which  the  stars,  planets,  &c.,  the  visible  contents  of 
the  universe,  are  seen  projected  as  in  a  vast  picture.f 

*  To  distinguMh  minutes  and  seconds  of  time  from  those  of  angular  measure 
we  sMl  invariably  adhere  to  the  distinct  system  of  notation  here  adopted  (^  ' ", 
aod  h.  m.  s.).  Great  confusion  sometimes  arises  fibm  the  practice  of  using  the 
same  marks  for  both. 

+  The  ideal  sphere  without  us,  to  which  we  refer  the  places  of  objects,  and 
which  we  cany  along  with  us  whereTer  we  go,  is  no  doubt  intimately  connected 
by  association,  if  not  entirely  dependent  on  that  obscure  perception  of  sensation  in 
the  retine  of  our  eyes,  of  wliich,  even  when  closed  and  unexcited,  we  cannot  en- 
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(96.)  DfiF.  13.  The  poles  of  the  celestial  sphere  are  the  points 
of  that  imaginary  sphere  towards  which  the  earth's  axis  is  directed. 

(97.)  Def.  14*  The  celestial  equator,  or,  as  it  is  often  called 
by  astronomers,  the  equinoctial,  is  a  great  circle  of  the  celestial 
sphere,  marked  out  by  the  indefinite  extension  of  the  plane  of  the 
terrestrial  equator. 

(98.)  Def.  15.  The  celestial  horizon  of  any  place  is  a  great 
circle  of  the  sphere  marked  out  by  the  indefinite  extension  of  the 
plane  of  any  spectator's  swrnble  or  (which  comes  to  the  same  thing 
as  will  presently  be  shown),  his  rational  horizon,  as  in  the  case^iDf 
the  equator. 

(99.)  Def.  16.  The  zenith  and  nadir*  of  a  spectator  are  the 
two  points  of  the  sphere  of  the  hearens,  vertically  over  his  head, 
and  vertically  under  his  feet,  or  the  poles  of  the  celestial  horizon ; 
that  is  to  say,  points  90^  distant  fi'om  every  point  in  it. 

(100.)  Def.  17.  Verticd  circles  of  the  sphere  are  great  circles 
passing  through  the  zenith  and  nadir,  or  great  circles  perpendicular 
to  the  horizon.  On  these  are  measured  the  altitudes  of  objects 
above  the  horizon — ^the  complements  to  which  are  their  zenith 
distances. 

(101.)  Def.  18.  The  celestial  meridian  of  a  spectator  is  the 
great  circle  marked  out  on  the  sphere  by  the  prolongation  of  the 
plane  of  his  terrestrial  meridian.  If  the  earth  be  supposed  at  rest, 
this  is  a  fixed  circle,  and  all  the  stars  are  carried  across  it  in  their 
diurnal  courses  from  east  to  west.  If  the  stars  rest  and  the  earth 
rotate,  the  spectator's  meridian,  like  his  horizon,  (art.  52)  sweeps 
daily  across  the  stars  from  west  to  east.  Whenever  in  future  we 
speak  of  the  meridian  of  a  spectator  or  observer,  we  intend  the 
celestial  meridian,  which  being  a  circle  passing  through  the  poles 
of  the  heavens  and  the  zenith  of  the  observer,  is  necessarily  a 

tirely  divest  them.  We  have  a  real  spherical  sarfiice  within  our  eyes,  the  seat  of 
sensation  and  vision,  corresponding,  point  for  point,  to  the  external  sphere.  On 
thb  the  stars,  ^.,  are  really  mapped  down,  as  wa  hava  snppoaed  them  in  the  test 
to  he,  on  the  imaginaTy  concave  of  the  heavens.  When  the  whole  sur&ce  of  the 
retina  is  excited  by  light,  habit  leads  as  to  associate  it  with  the  idea  of  a  real  sur- 
face existing  without  us.  Thus  we  become  impressed  with  the  notion  of  a  sky  and 
ahtavtn,  but  the  concave  surface  of  the  retina  itself  is  the  true  seat  of  all  vitiblt 
angular  dimension  and  angular  motion.  The  substitution  of  the  retina  for  the 
htavena  would  be  awkward  and  inconvenient  in  language,  but  it  may  always  be 
xnentally  made.    (See  Schiller's  pretty  enigma  on  the  eye  fn  his  Turandot.) 

*  From  Arabic  words.    Nadir  corresponds  evidently  to  the  German  nuder 
(down),  whence  our  nether. 
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rertical  circle,  and  passes  through  the  north  and  south  points  of  the 
horizon. 

(102.)  Def.  19.  The  frime  vertical  is  a  vertical  circle  perpen- 
dicular to  the  meridian,  and  which  therefore  passes  through  the 
east  and  west  points  of  the  horizon. 

(103.)  Def.  20.  Jlzimyih  is  the  angular  distance  of  a  celestial 
object  from  the  north  or  south  point  of  the  horizon  (according  as 
it  is  the  north  or  south  pole  which  is  ekvated)^  when  the  object  is 
referred  to  the  horizon  by  a  vertical  circle  ;  or  it  is  the  angle  com- 
prised between  two  vertical  planes — one  passing  through  the 
elevated  pole,  the  other  through  the  object.  Azimuth  may  be 
reckoned  eastwards  or  westwards,  from  the  north  or  south  point, 
and  is  usually  so  reckoned  only  to  180^  either  way.  But  to  avoid 
confusion,  and  to  preserve  continuity  <of  ipterpretation  when 
algebraic  symbols  are  used  (a  point  of  essential  importance,  hitherto 
too  little  insisted  on),  we  shall  always  reckon  azimuth  Jrom  the 
points  of  the  horizon  most  remote  from  the  elevated  pole,  westward 
(so  as  to  agree  in  general  directions  with  the  apparent  diurnal 
motion  of  the  stars),  and  carry  its  reckoning  from  0°  to  360^  if 
always  reckoned  positive,  considering  the  eastward  reckoning  as 
negative. 

(104.)  Def.  21.  The  altitude  of  a  heavenly  body  is  its  ap- 
parent angular  elevation  above  the  horizon.  It  is  the  complement 
to  90o,  therefore,  of  its  zenith  distance.  The  altitude  and  azimuth 
of  an  object  being  known,  its  place  in  the  visible  heavens  is 
determined. 

(105.)  Def.  22.  The  declination  of  a  heavenly  body  is  its 
angular  distance  from  the  equinoctial  or  celestial  equator,  or  the 
complement  to  90^  of  its  angular  distance  from  the  nearest  pole, 
which  latter  distance  is  called  its  Polar  distance^  Declinations 
are  reckoned  plus  or  mimiSj  according  as  the  object  is  situated  in 
the  northern  or  southern  celestial  hemisphere.  Polar  distances  are 
always  reckoned  from  the  North  Pole,  from  0^  up  to  180o,  by 
which  all  doubt  or  ambiguity  of  expression  with  respect  to  sign  is 
avoided. 

(106.)  Def.  23.  Hour  circles  of  the  sphere,  or  circles  of 
declination,  are  great  circles  passing  through  the  poles,  and  of 
course  perpendicular  to  the  equinoctial.  The  hour  circle,  passing 
through  any  particular  heavenly  body,  serves  to  refer  it  to  a 
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point  in  (he  eqainoctial,  as  a  vertical  circle  does  to  a  point  in  the 
horizon. 

(107.)  Def.  24.  The  hour  angle  of  a  heavenly  body  is  the  angle 
at  the  pole  included  between  the  hour  circle  passiog  through  the 
body,  and  the  celestial  meridian  of  the  place  of  observation.  We 
shall  always  reckon  it  posiHoely  from  the  upper  culmination  (art. 
125y)  westwardsy  or  in  conformity  with  the  <qfparent  diurnal  motion, 
completely  round  the  circle  from  0^  to  36CP.  Hour  angleSf  gene- 
rally, are  angles  included  at  the  pole  between  different  hour  circles. 

(108.)  Def.  25.  The  right  ascension  of  a  heavenly  body  is  the 
arc  of  the  equinoctial  included  between  a  certain  point  in  that 
circle  called  the  Verhal  EqmnoXj  and  the  point  in  the  same  circle 
to  which  it  is  referred  by  the  cuicle  of  declination  passing  through 
it.  Or  it  is  the  angle  included  between  two  hour  circles,  one  of 
which  passes  through  the  vernal  equinox  (and  is  called  the  equinoc- 
tial colure),  the  other  through  the  body.  How  the  place  of  this 
initial  point  on  the  equinoctial  is  determined,  wiU  be  explained 
further  on. 

(109.)  The  right  ascensions  of  celestial  objects  are  always 
reckoned  eastunnrds  from  the  equinox,  and  are  estimated  either  in 
degrees,  minutes,  and  seconds,  as  in  the  case  of  terrestrial  longi- 
tudes, from  Op  to  360^,  which  completes  the  circle ;  or,  in  time,  in 
hours,  minutes,  and  seconds,  from  Oh.  to  24h.  The  apparent 
diurnal  motion  of  the  heavens  being  contrary  to  the  real  motion  of 
the  earth,  this  is  in  conformity  with  the  westward  reckonmg  of 
longitudes.  (Art.  91.) 

(110.)  Sidereal  time  is  reckoned  by  the  diurnal  motion  of  the 
stars,  or  rather  of  that  point  in  the  equmoctial  from  which  right 
ascensions  are  reckoned.  This  point  may  be  considered  as  a  star, 
though  no  star  is,  in  fact,  there ;  and,  moreover,  the  point  itself  is 
liable  to  a  certain  slow  variation, — so  slow  however,  as  not  to 
affect,  perceptibly,  the  interval  of  any  two  of  its  successive  returns 
to  the  meridian.  This  interval  is  called  a  sidereal  day,  and  is 
divided  into  24  sidereal  hours,  and  these  again  into  minutes  and 
seconds.  A  clock  which  marks  sidereal  time,  i.  e,  which  goes  at 
such  a  rate  as^always  to  show  Oh.  Om.  Os.  when  the  equinox  comes 
on  the  meridian,  is  called  a  sidereal  clock,  and  is  an  indispensable 
piece  of  furniture  m  every  observatory.  Hence  the  hour  angle  of 
an  object  reduced  to  time  at  the  rate  of  15°.per  hour,  expresses  the 


74  0UTLINS8  07  ASndKOMT.  , 

iDterral  of  sidereal  time  by  which  (if  its  reckoning  be  positive)  it 
has  past  the  meridian ;  or,  if  negative,  the  time  it  wants  of  arriving 
at  the  meridian  of  the  place  of  observation.  So  also  the  right 
ascension  of  an  object,  if  converted  into  time  at  the  same  rate 
(smce  360°  being  described  uniformly  in  24  hours,  lb°  must  be 
so  described  in  1  hour),  will  express  the  interval  of  sidereal  time 
which  elapses  from  the  passage  of  the  vernal  equinox  across  the 
meridian  to  that  of  the  object  next  subsequent. 

(111.)  As  a  globe  or  maps  may  be  made  of  the  whole  or  parti* 
cular  regions  qf  the  surface  of  the  earth,  so  also  a  globe,  or  general 
map  of  the  heavens,  as  well  as  charts  of  particular  parts,  may  be 
constructed,  and  thfi  stars  laid  down  in  their  proper  situations 
relative  to  each  other^  and  to  the  poles  of  the  heavens  and  the 
celestial  equator.  Such  a  representation,  once  made,  will  exhibit 
a  true  appearance  of  the  stars  as  they  present  themselves  in  suc- 
cession to  every  spectator  on  the  surfece,  or  as  they  may  be  con* 
ceived  to  be  seen  at  once  by  one  at  the  centre  of  the  globe.  It 
is,  therefore,  independent  of  all  geographical  localities.  There  will 
occur  in  such  a  representation  neither  zenith,  nadir,  nor  horizon — 
neither  east  nor  west  points ;  and  although  great  circles  may  be 
drawn  on  it  from  pole  to  pole,  corresponding  to  terrestrial  meri- 
dians, they  can  no  longer,  in  this  point  of  view,  be  regarded  as 
the  celestial  meridians  of  fixed  points  on  the  earth's  surface,  since, 
in  the  course  of  one  diurnal  revolution,  every  point  in  it  passes 
beneath  each  of  them.  It  is  on  account  of  this  change  of  concep- 
tion, and  with  a  view  to  establish  a  complete  distinction  between 
the  two  branches  of  Geography  ^^nd  Uranography/^  that  astronomers 
have  adopted  different  terms,  (viz.  declination  and  right  asfxnsian) 
to  represent  those  arcs  in  the  heavens  which  correspond  to  latUudes 
and  longitudes  on  the  earth.  It  is  for  this  reason  that  they  term 
the  equator  of  the  heavens  the  equinoctial;  that  what  are  meridians 
on  the  earth  are  called  hour  circles  in  the  heavens,  and  the  angles 
they  include  between  them  at  the  poles  are  called  hour  angles.  All 
this  is  convenient  and  intelligible ;  and  had  they  been  content  with 
this  nomenclature,  no  confusion  could  ever  have  arisen.  Unluckily, 
the  early  astronomers  have  employed  also  the  words  latitude  and 
longitude  in  their  uranography,  in  speaking  of  arcs  of  circles  not 
corresponding  to  those  meant  by  the  same  words  on  Ihe  earth,  but 

*  Vvi^  the  earth ;  ypa^ecy,  to  deflciibe  or  represent ;  oi'payo;,  the  heaven. 
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having  reference  (o  the  motion  of  the  sun  and  planets  among  the 
stars.  It  is  now  too  late  to  remedy  this  confusion,  which  is  in* 
grafted  into  every  existing  work  on  astronomy :  we  can  only  regret, 
and  warn  the  reader  of  it,  that  he  may  be  on  his  guard  when,  at  a 
more  advanced  period  of  our  work,  we  shall  have  occasion  to  define 
and  use  the  terms  in  their  celestial  sense^  at  the  same  time  urgently 
recommending  to  future  writers  the  adoption  of  others  in  their 
places. 

(112.)  It  remains  to  illustrate  these  descriptions  by  reference  to 
a.  figure.     Let  C  be  the  centre  of  the  earth,  N  C  S  its  axis ;  then 
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are  N  and  S  its  poles ;  E  Q  its  equator ;  A  B  the  parallel  of  lati- 
tude of  the  station  A  on  its  surface ;  A  P  parallel  to  S  C  N,  the 
direction  in  which  an  observer  at  A  will  see  the  elevated  pole  of 
the  heavens ;  and  A  Z,  the  prolongation  of  the  terrestrial  radius 
C  A,  that  of  his  zenith.  N  A  E  S  will  be  his  meridian  ;  N  O  S 
that  of  some  fixed  station,  as  Greenwich  ;  and  G  E,  or  the  sphe- 
rical angle  G  N  E,  his  longitude,  and  E  A  his  latitude.  More- 
over, if  71  ^  be  a  plane  touching  the  surface  in  A,  this  will  be  his 
sensible  horizon  ;  n  A  5  marked  on  that  plane  by  its  intersection 
with  his  meridian  will  be  his  meridian  line,  and  n  and  s  the  north 
and  south  points  of  his  horizon. 

(113.)  Again,  neglecting  the  size  of  the  earth,  or  conceiving 
him  stationed  at  its  centre,  and  referring  everything  to  his  rational 
horizon ;  let  the  annexed  figure  represent  the  sphere  of  the  heavens; 
C  the  spectator ;  Z  his  zenith  ;  and  N  his  nadir :  then  will  H  A  0 
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a  great  circle  of  the  sphere,  whose  poles  are  Z  N,  be  his  cdestial 
horizon;  Pj^the  elevated  znd  depressed  poles  of  the  heavens; 
H  P  the  altitude  ofthepole,  and  H  P  Z  E O  his  meridian;  E  T  Q, 
a  great  circle  perpendicular  to  P  p,  will  be  the  equinoctial ;  and  if 
T  represent  the  equinox,  ¥  T  will  be  the  right  ascensiany  T  S  the 
declination  J  and  P  S  the  polar  distance  of  any  star  or  object  S, 
referred  to  the  equinoctial  by  the  hour  circle  P  ST p;  and  BSD 
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will  be  the  diurnal  circle  it  will  appear  to  describe  about  (he  pole. 
Again,  if  we  refer  it  to  the  horizon  by  the  vertical  circle  Z  S  M, 
O  M  will  be  its  azimuth,  M  S  its  altitude,  and  Z  S  its  zenith  dis- 
tance. H  and  O  are  the  north  and  south,  ew  ihe  east  and  west 
points  of  his  horizon,  or  of  the  heavens.  Moreover,  if  H  A,  O  o, 
be  small  circles,  or  parallels  of  declinationy  touching  the  horizon 
in  its  north  and  south  points,  H  h  will  be  the  circle  of  perpetual 
apparition^  between  which  and  the  elevated  pole  the  stars  never 
set ;  0  0  that  of  perpetual  occultationy  between  which  and  the  de- 
pressed pole  they  never  rise.  In  all  the  zone  of  the  heavens 
between  H  h  and  0  o,  they  rise  and  set ;  any  one  of  them,  as  S, 
remaining  above  the  horizon  in  that  part  of  its  diurntil  circle  repre- 
sented by  a  B  A,  and  below  it  throughout  all  the  part  represented 
by  A  D  a.  It  will  exercise  the  reader  to  construct  this  figure  for 
several  diiTerent  elevations  of  the  poky  and  for  a  variety  of  posi- 
tions of  the  star  S  in  each. 

(114.)  Celestial  perspective  is  that  branch  of  the  general  science 
of  perspective  whicli  teaches  us  to  conclude,  from  a  knowledge  of 
the  real  situation  and  forms  of  objects,  lines,  angles,  motions,  &c., 
with  respect  to  the  spectator,  their  apparent  aspects,  as  seen  by 
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him  projected  on  the  imaginary  concave  of  the  heavens ;  and, 
vice  versd^  from  the  apparent  configurations  and  movements  of 
objects  so  seen  projected,  to  conclude,  so  far  as  they  can  be 
thence  concluded,  their  real  geometrical  relations  to  each  other 
and  to  the  spectator.  It  agrees  with  ordinary  perspective  when 
only  a  small  visual  area  is  contemplated,  because  the  concave 
ground  of  the  celestial  sphere,  for  a  small  extent,  may  be  re- 
garded as  a  plane  surface,  on  which  objects  are  seen  projected  or 
depicted  as  in  common  perspective.  But  when  large  amplitudes 
of  the  visual  area  are  considered,  or  when  the  whole  contents  of 
space  are  regarded  as  projected  on  the  whole  interior  surface  of 
the  sphere,  it  becomes  necessary  to  use  a  different  phraseology, 
and  to  resort  to  a  different'  form  of  conception.  In  common  per- 
spective  there  is  a  single  <<  point  of  sight,"  or  <«  centre  of  the 
picture,"  the  visual  line  from  the  eye  to  which  is  perpendicular 
to  the  « plane  of  the  picture,"  and  all  straight  lines  are  repre- 
sented by  straight  lines.  In  celestial  perspective,  every  point  to 
which  the  view  is  for  the  moment  directed,  is  equally  entitled 
to  be  considered  as  the  «  centre  of  the  picture,"  every  portion  of 
the  surface  of  the  sphere  being  similarly  related  to  the  eye.  More- 
over, every  straight  line  (supposed  to  be  indefinitely  prolonged)  is 
projected  into  a  semicircle  of  the  sphere,  that,  namely,  in  which  a 
plane  passing  through  the  line  and  the  eye  cuts  its  surface.  And 
every  system  of  parallel  straight  lines,  in  whatever  direction,  is 
projected  into  a  system  of  semicircles  of  the  sphere,  meeting  in 
two  common  apexes,  or  vanishing  points,  diametrically  opposite  to 
each  other,  one  of  which  corresponds  to  the  vanishing  point  of 
parallels  in  ordinary  perspective ;  the  other,  in  such  perspective 
has  no  existence.  In  other  words,  evety  point  in  the  sphere  to 
which  the  eye  is  directed  may  be  regarded  as  one  of  tlie  vanishing 
points,  or  one  apex  of  a  system  of  straight  lines,  parallel  to  that 
radius  of  the  sphere  which  passes  through  it,  or  to  the  direction  of 
the  line  of  sight,  seen  in  perspective  from  the  earth,  and  the  points 
diametrically  opposite,  or  that  from^  which  be  is  looking,  as  the 
other.  And  any  great  circle  of  the  sphere  may  similarly  be  re- 
garded as  the  vanishing  circle  of  a  system  of  planes,  parallel  to  its 
own. 

(115.)  A  familiar  illustration  of  this  is  often  to  be  had  by  attend- 
ing to  the  lines  of  light  seen  in  the  air,  w*ben  the  sun's  rays  are 
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darted  through  apertures  in  clouds,  the  sun  itself  being  at  the  time 
obscured  behind  them.  These  lines  which,  marking  the  course 
of  rays  emanating  from  a  point  almost  infinitely  distant,  are  to  be 
considered  as  parallel  straight  lines,  ^re  thrown  into  great  circles 
of  the  sphere,  having  two  apexes  or  points  of  common  intersection 
— one  in  the  place  where  the  sun  itself  (if  not  obscured)  would  be 
seen.  The  other  diametrically  opposite.  The  first  only  is  most 
commonly  suggested  when  the  spectator's  view  is  towards  the 
sun.  But  in  mountainous  countries,  the  phenomenon  of  sunbeams 
converging  towards  a  point  diametrically  opposite  to  the  sun,  and 
as  much  depressed  below  the  horizon  as  the  sun  is  elevated  above 
it,  is  not  unfrequently  noticed,  the  back  of  the  spectator  being 
turned  to  the  sun's  place.  Occasionally,  but  much  more  rarely, 
the  whole  course  of  such  a  system  of  sunbeams,  stretching  in  semi- 
circles across  the  hemisphere  from  horizon  to  horizon  (the  sun 
being  near  setting),  may  be  seen.*  Thus  again,  the  streamers  of 
the  Aurora  Borealis,  which  are  doubtless  electrical  rays,  parallel, 
or  nearly  parallel  to  each  other,  and  to  the  dipping  needle,  usually 
appear  to  diverge  from  the  point  towards  which  the  needle,  freely 
suspended,  would  dip  northwards  (t.  e.  about  70^  below  the  hori- 
zon and  23^  west  of  north  from  London),  and  in  their  upward 
progress  pursue  the  course  of  great  circles  till  they  again  converge 
(in  appearance)  towards  the  point  diametrically  opposite  (i.  e.  70^ 
above  the  horizon,  and  23^  to  the  eastward  of  south),  forming  a 
sort  of  canopy  over  head,  having  that  point  for  its  centre.  So 
also  in  the  phenomenon  of  shooting  stars,  the  lines  of  direction 
which  they  appear  to  take  on  certain  remarkable  occasions  of 
periodical  recurrence,  are  observed,  if  prolonged  backwards, 
apparently  to  meet  nearly  in  one  point  of  the  sphere ;  a  certain 
indication  of  a  general  near  approach  to  parallelism  in  the  real 


*  It  is  in  tuch  caies  only  that  we  oonceive  them  as  drclet,  thB  ordinaiy  conven- 
tions of  plane  penpetdxe  becoming  untenable.  The  author  had  the  good  fortune 
to  witness  on  one  occasion  the  phenomenon  described  in  the  text  under  circum- 
stances of  more  than  usual  grandeur.  Approaching  Jiyons  from  the  south  on 
Bept  30,  1826,  about  6^  h.  ».  it.,  the  sun  was  seen  nearly  setting  behind  broken 
masses  of  stormy  cloud,  from  whose  apertures  streamed  forth  beams  of  rose-coloured 
light,  traceable  all  across  the  hemisphere  almost  to  their  opposite  point  of  conyer- 
gence  behind  the  snowy  precipices  of  Mont  Blanc,  conspicuously  visible  at  nearly 
100  miles  to  the  eastward.  The  impression  produced  was  that  of  another  but 
feebler  sun  about  to  rise  from  behind  the  mountain,  and  darting  forth  preoursoiy 
beams  to  meet  those  of  the  real  one  opposite. 
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directioiid  of  their  motioDS  on  those  occasions.    On  which  subject 
more  hereafter*  • 

(116.)  In  relation  to  this  idea  of  celestial  perspective,  we  may 
Conceive  the  north  and  south  poles  of  the  sphere  as  the  two  vanidi- 
ing  points  of  a  system  of  lines  parallel  to  theaxi^  of  the  earth ;  and 
the  zenith  and  nadir  of  those  of  a  system  of  perpendiculars  to  its 
surface  at  the  place  of  observation,  &c.  It  will  be  shown  that  the 
direction  of  a  plwnlhline^  at  every  place  is  perpendicular  to  the 
surface  of  still  water  at  that  place  which  is  the  true  horizon,  and 
thodgh  mathematically  speakirig  no  two  plumb*lines  are  exactly 
parallel  (since  they  converge  to  the  earth's  centre),  yet  over  very 
small  tracts,  such  as  the  area  of  a  buildbg — in  one  and  the  same 
town,  &c.,  the  difference  from  exact  parallelism  is  so  small  that  it 
may  be  practically  disregarded.*  To  a  spectator  looking  upwards 
such  a  system  of  plumb*lines  will  appear  to  converge  to  his  zenith ; 
downwards,  to  his  nadir. 

(117.)  So  also  the  celestial  equator,  or  the  equinoctial,  must  be 
conceived  as  the  vanishing  circle  of  ^  system  of  planes  parallel  to 
the  earth's  equator,  or  perpendicular  to  its  axis.  The  celestial 
horizon  of  any  spectator  is  in  like  manner  the  vanishing  circle  of 
all  planes  parallel  to  his  true  horizon,  of  which  planes  his  rational 
horizon  (passing  through  the  earth ^s  centre)  is  one,  and  his  seraMe 
horizon  (the  tangent  plane  of  his  station)  another. 

(118.)  Owing,  however,  to  the  absence  of  all  the  ordinary  indi* 
cations  of  distance  which  influence  our  judgment  in  respect  of 
terrestrial  objects,  owing  to  the  want  of  determinate  figure  and 
magnitude  in  the  stars  and  planets  as  commonly  seen — the  projec* 
tion  of  the  celestial  bodies  on  the  ground  of  the  heavenly  concave 
b  not  usually  regarded  in  this  its  true  light  of  a  perspedive  repre* 
tentation  or  picture^  and  it  even  requires  an  eflbrt  of  imagination 
to  conceive  them  in  their  true  relations,  as  at  vastly  different  dis- 
tances, one  behind  the  other,  and  forming  with  one  another  lines 
of  junction  violentlyforeshortened,  and  including  angles  altogether 
differing  from  those  which  their  projected  representations  appear  to 
make.  To  do  so  at  all  with  e0ect  presupposes  a  knowledge  of 
their  actual  situations  in  space,  which  it  is  the  business  of  astronomy 
to  arrive  at  iby  appropriate  considerations.    But  the  connections 

*  An  interval  of  a  mile  corresponds  to  a  convergence  of  plumb-lines  amonnting 
•to  somewhat  leas  space  than  a  minnte. 
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which  subsist  ^mong  the  several  paits  of  the  picktre^  the  parely 
geometrical  reliiions  among  the  angles  and  sides  of  the  spherical 
triangles  of  which  it  consists,  constitute,  under  the  name  of  Urano- 
metry,*  a  preliminary  and  subordinate  branch,  of  the  general 
science,  with  which  it  is  necessary  to  be  familiar  before  any  further 
progress  can  be  made.  Some  of  the  most  elementary  and  frequently 
occurring  of  these  relations  we  proceed  to  explain.  And  first,  as 
immediate  consequences  of  the  above  definitions,  the  following 
propositions  will  be  borne  in  mind. 

(119.)  The  aUUude  of  the  elevatedpole  U  equal  to  the  latitude  of 
the  spedator^s  geographical  station. 

For  it  appears,  see  Jig.  art.  112,  that  the  angle  PAZ  between 
the  pole  and  the  zenith  is  equal  to  N  C  A,  and  the  angles  Z  A  n  and 
N  C  £  being  right  angles,  we  have  P  A  nss  A  C  £.  Now  the 
former  of  these  is  the  elevation  of  the  pole  as  seen  from  E,  the 
latter  is  the  angle  at  the  earth's  centre  subtended  by  the  arc  £  A, 
or  the  latitude  of  the  place. 

(120.)  Hence  to  a  spectator  at  the  north  pole  of  the  earth,  the 
north  pole  of  the  heavens  is  in  his  zenith.  As  he  travels  south* 
ward  it  becomes  less  and  less  elevated  till  he  reaches  the  equator, 
when  both  poles  are  in  his  horizon — south  of  the  equator  the  north 
pole  becomes  depressed  below,  while  the  south  rises  above  his 
horizon,  and  continues  to  do  so  till  the  south  pole  of  the  globe  is 
reached,  when  that  of  the  heavens  will  be  in  the  zenith. 

(121.)  The  same  stars,  in  their  diurnal  revolution,  come  to  the 
meridian,  successively^  of  every  place  on  the  globe  once  in  twenty* 
four  sidereal  hours.  And,  since  the  diurnal  rotation  is  uniform,  the 
interval,  in  sidereal  time,  whfch  elapses  between  the  same  star 
coming  upon  the  meridians  of  two  different  places  is  measured 
by  the  difference  of  longitudes  of  the  places. 

(122.)  Vice  versd — the  interval  elapsing  between  two  different 
stars  coming  on  the  meridian  of  one  and  the  same  placCj  expressed 
in  sidereal  time,  is  the  measure  of  the  difference  of  right  ascen* 
sions  of  the  stars. 

(123.)  The  equinoctial  intersects  the  horizon  in  the  east  and 
west  points,  and  the  meridian  in  a  point  whose  altitude  is  equal 
to  the  co-latitude  of  the  place.  Thus,  at  Greenwich,  of  which 
the  latitude  is  51  "^  28'  40",  the  altitude  of  the  intersection  of  the 

*  Oypayoft  the  heaTens ;  fu^ptiv,  to  measure;  the  measuiement  of  (be  heaveiMi 
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equinoctial  and  meridian  is  38^  31'  20".  The  north  and  south 
poles  of  the  heavens  are  the  poles  of  the  equinoctial.  The  east 
and  west  points  of  the  horizon  of  a  spectator  are  the  poles  of  bis 
celestial  meridian.  The  north  and  south  points  of  his  horizon  are 
the  poles  of  his  prime  vertical,  and  his  zenith  and  nadir  are  the 
poles  of  his  horizon. 

(124.)  All  the  heavenly  bodies  culminate  {i,  e.  come  to  their 
greatest  altitudes)  on  the  meridian ;  which  is,  thereforCi  the  best 
situation  to  observe  them,  being  least  confused  by  the  inequali* 
ties  and  vapours  of  the  atmosphere,  as  well  as  least  displaced  by 
refractbn. 

(125.)  All  celestial  objects  within  the  circle  of  perpetual  appa* 
rition  come  twice  on  the  meridian,  above  the  horizon,  in  every 
diurnal  revolution ;  once  (dnyve  and  once  behw  the  pole.  These 
are  called  their  upper  and  lower  culminations. 

(126.)  The  problems  of  uranometry,  as  we  have  described  it, 
consist  in  the  solution  of  a  variety  of  spherical  triangles,  both 
right  and  oblique  angled,  according  to  the  rules,  and  by  the  for* 
mute  of  spherical  trigonometry,  which  we  suppose  known  to  the 
reader,  or  for  which  he  will  consult  appropriate  treatises.  We 
shall  only  here  observe  generally,  that  in  all  problems  in  which 
spherical  geometry  is  concerned,  the  student  will  find  it  a  useful 
practical  maxim  rather  to  consider  the  poles  of  the  ^eat  circles 
which  the  question  before  him  refers  to  than  the  circles  themselves. 
To  use,  for  example,  in  the  relations  he  has  to  consider,  polar 
distances  rather  than  declinations,  zenith  distances  rather  than  alti- 
tudes, &c.  Bearing  this  in  mind,  there  are  few  problems  in 
uranometry  which  will  ofier  any  diflScuIty.  The  following  are  the 
combinations  which  most  commonly  occur  for  solution  when  the 
place  of  one  celestial  object  only  on  the  sphere  is  concerned. 

(127.)  In  the  triangle  Z  P  S,  Z  is  the  zenith,  P  the  elevated 
pole,  and  S  the  star,  sun^  or  other  celestial  object  In  this  triangle 
occur,  1st,  P  Z,  which  being  the  complement  of  P  H  (the  altitude 
of  the  pole),  is  obviously  the  complement  of  the  latitude  (or  the 
co-latitude^  as  it  is  called)  of  the  place ;  2d,  P  S,  the  polar  dis- 
tancCf  or  the  complement  of  the  declination  (co-declination)  of  the 
star;  3d,  Z  S,  the  zenith  distance  or  co-altitude  of  the  star.  If 
P  S  be  greater  than  90'',  the  object  is  situated  on  the  side  of  the 
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equinoctial  opposite  to  that  of  the  elevated  pole^  If  Z  S  be  so, 
the  object  is  below  the  horizon. 

In  the  same  triangle  the  angles  are,  1st,  Z  P  S  the  lower  angle ; 
2d,  P  Z  S  (the  supplement  of  S  Z  O,  which  latter  is  the  azimuth 
of  the  star  or  other  heavenly  body);  3d,  P  S  Z,  an  angle  which, 
from  the  infrequency  of  any  practical  reference  to  it,  has  not  ac- 
quired a  name.* 

The  following  five  astronomical  magnitudes,  then,  occur  among 
the  sides  and  angles  of  this  most  useful  triangle :  viz.  1st,  The 
co-latitude  of  the  place  of  observation ;  2d,  the  polar  distance  ; 
3d,  the  zenith  distance ;  4th,  the  hour  angle ;  and  5th,  the  sub- 
azimuth  (supplement  of  azimuth)  of  a  given  celestial  object;  and 
by  its  solution  therefore  may  all  problems  be  resolved,  in  which 
three  of  these  magnitudes  are  directly  or  indirectly  given,  and  the 
other  two  required  to  be  found. 

(128.)  For  example,  suppose  the  time  of  rising  or  setting  of  the 
sun  or  of  a  star  were  required,  having  given  its  right  ascension 
and  polar  distance.  The  star  rises  when  apparently  on  the  hori- 
zon, or  really  about  34'  below  it  (owing  to  refraction),  so  that,  at 
the  moment  of  its  apparent  rising,  its  zenith  distance  is  90<»  34'=s 
ZS.  Its  polar  distance  PS  being  also  given,  and  the  co-latitude 
ZP  of  the  place,  we  have  given  the  three  sides  of  the  triangle,  to 
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find  the  hour  angle  ZP  S,  which,  being  known,  is  to  be  added  to 
or  sabtracted  fi'om  the  star's  right  ascension,  to  give  the  sidereal 

*  In  the  practical  diBcosrion  of  the  measurea  of  double  stars  and  other  objects  by 
the  aid  of  the  position  micrometer^  this  angle  is  sometimes  required  to  be  known ; 
and,  when  so  required,  it  will  not  be  inconvenientlj  referred  to  as  *<  the  angle  of 
position  of  the  zenith." 
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time  of  setting  or  rising,  which,  if  we  please,  may  be  converted 
into  solar  time  by  the  proper  rules  and  tables. 

(129.)  As  another  example  of  the  use  of  the  same  triangle,  we 
may  propose  to  find  the  local  sidereal  time,  and  the  latitude  of  the 
place  of  obserration,  by  observing  equal  altitudes  of  the  same  star 
east  and  west  of  the  meridian,  and  noting  the  interval  of  the  obser- 
Tations  in  sidereal  time. 

The  hour  angles  corresponding  to  equal  altitudes  of  a  fixed  star 
being  ^ual,  the  hour  angle  east  or  west  will  be  measured  by  half 
the  observed  interval  of  the  observations.  In  our  triangle,  then, 
we  have  given  this  hour  angle  Z  P  S,  the  polar  distsfnce  P  S  of  the 
star,  and  Z  S,  its  co-altitude  at  the  moment  of  observation.  Hence 
we  may  find  P  Z,  the  co-latitude  of  the  place.  Moreover,  the 
hour  angle  of  the  star  being  known,  and  also  its  right  ascension, 
the  point  of  the  equinoctial  is  known,  which  is  on  the  meridian  at 
the  moment  of  observation ;  and,  therefore,  the  local  sidereal  time 
at  that  moment.  This  is  a  very  useful  observation  for  determining 
the  latitude  and  time  at  an  unknown  station. 


CHAPTER  IIL» 

OF  THE  NATURE  OF  ASTRONOMICAL  INSTRUMENTS  AND  0B8E&TATIPN9 
IN  6ENERAL.-^F  SIDEREAL  AND  SOLAR  TIME. — OF  THE  MEASURE- 
MENTS OF  TIME.f^OLOCKS,  CHRONOMETERS.-^F  ASTRONOMieAL 
MEASUREMENTS* — ^PRINCIPLE  OF  TELESCOPIC  SIGHTS  tO  INCREA8S 
THE  ACCURACY  OF  POINTING.-^SIBO^LEST  APPLICATION  OF  THIS 
PRINCIPLE. — ^THE  TRANSIT  INSTRUMENT. — OF  THE  MEASUREMENT 
OF  ANGULAR  INTERVALS. — METHODS  OF  INCREASING  THE  ACCUn 
RACY  OF  READING. — THE  V£RNI£R.-~THG  MICROSCOPE.-i^-OF  THE 
MURAL  CIRCLE. — THE  MERIDIAN  CIRCLE. — FIXATION  OF  POLAR 
AND  HORIZONTAL  POINTS. — ^THE  LEVEL,  PLUMB-LINE,  ARTIFICIAL 
H0RI2ON. — PRINCIPLE  OF  COLLIMATION. — COLLIMATORS  OF  RIT- 
TENHOUSE,  KATER,  AND  BENZENBERQ.— ^F  COMPOUND  IlfSTRU- 
MENTS  WITH  CO-ORDINATE  CIRCLES. — THE  EQUATORIAL,  ALTI- 
TUDE,   AND    AZIMUTH     INSTRUMENT.  —  THEODOLITE. OF     THE 

SEXTANT  AND   REFLECTING  CIRCLE. — PRINCIPLE  OF  REPETITION. 
— OF  MICROMETERS. — PARALLEL  WIRE  MICROMETER. — PRINCIPLE 

OF   THE  DUPLICATION  OF  IMAGES. THE   HELIOMETER. — ^DOUBLE 

REFRACTING    EYE-PIECE. — ^VARUBLE     PRISM    MICROBfETER. — OF 
THE  POSITION  MICROMETER. 

(130.)  Our  first  chapters  have  been  devoted  to  the  acquisition 
chiefly  of  preliminary  notions  respecting  the  globe  we  inhabit,  its 
relation  to  the  celestial  objects  which  surround  it,  and  the  physical 
circumstances  under  which  all  astronomical  observations  must  be 
made,  as  well  as  to  provide  ourselves  with  a  stock  of  technical 
words  and  elementary  ideas  of  most  frequent  and  familiar  use  in 
the  sequel.  We  might  now  proceed  to  a  more  exact  and  detailed 
statement  of  the  facts  and  theories  of  astronomy ;  but,  in  order  to 
do  this  with  full  effect,  it  will  be  desirable  that  the  reader  be  made 
acquainted  with  the  prmcipal  means  which  astronomers  possess, 

*  The  student  who  is  anxious  to  hecome  acquainted  with  the  chief  subject 
matter  of  this  work,  may  defer  the  reading  of  that  part  of  this  chapter  which  is  d^ 
voted  to  the  description  of  particular  instruments,  or  content  himself  with  a  cursoiy 
perusal  of  it,  until  farther  advanced,  when  it  will  be  necessary  to  return  to  it. 
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of  determiDbg,  with  the  degree  of  nicety  their  theories  require,  the 
data  on  which  they  gronnd  their  conclusions ;  in  other  words,  of 
ascertaining  by  measurement  the  apparent  and  real  r  magnitudes 
with  which  they  are  conversant.  It  is  only  when  in  possession  of 
this  knowledge  that  he  can  fully  appreciate  either  the  truth  of  the 
theories  themselves,  or  the  degree  of  reliance  to  be  placed  on  any 
of  thdr  conclusions  antecedent  to  trial :  since  it  is  only  by  know* 
mg  what  amount  of  error  can  certainly  be  perceived  and  distinctly 
measured,  that  he  can  satisfy  himself  whether  any  theory  offers  so 
close  an  approximation,  in  its  numerical  results,  to  actual  phe- 
nomena, as  will  justify  him  in  receiving  it  as  a  true  representation 
of  nature. 

(131.)  Astronomical  instrument-^making  may  be  justly  regarded 
as  the  most  refined  of  the  mechanical  arts,  and  that  in  which  the 
nearest  approach  to  geometrical  precision  is  required,  and  has 
been  attained.  It  may  be  thought  an  easy  thmg,  by  one  unac- 
quainted with  the  niceties  required,  to  turn  a  circle  in  metal,  to 
divide  its  circumference  into  360  equal  parts,  and  these  again  into 
smaller  subdivisions,— to  place  it  accurately  on  its  centre,  and  to 
adjust  it  in  a  given  position ;  but  practically  it  is  found  to  be  one 
of  the  most  dilGcult.  Nor  will  this  appear  extraordinary,  when  it 
is  considered  that,  owing  to  the  application  of  telescopes  to  the 
purposes  of  angular  measurement,  every  imperfection  of  structure 
of  division  becomes  magnified  by  the  whole  optical  power  of  that 
instrument ;  and  that  thus,  not  only  direct  errors  of  workmanship, 
arising  from  unsteadiness  of  hand  or  imperfection  of  tools,  but 
those  inaccnracies  which  originate  in  far  more  uncontrollable 
causes,  such  as  the  unequal  expansion  and  contraction  of  metallic 
masses,  by  a  change  of  temperature,  and  their  unavoidable  flexure 
or  bending  by  their  own  weight,  become  perceptible  and  measura- 
ble. An  angle  of  one  minute  occupies,  on  the  circumference  of  a 
circle  of  10  .inches  in  radius,  only  about ,  l^jth  part  of  an  inch,  a 
quantity  too  small  to  be  certainly  dealt  with  without  the  use  of 
magnifying  glasses ;  yet  one  minute  is  a  gross  quantity  in  the 
astronomical  measurement  of  an  angle.  With  the  instruments  now 
employed  in  observatories,  a  single  second,  or  the  60th  part  of  a 
minute,  is  rendered  a  distinctly  visible  and  appreciable  quantity. 
Now,  the  arc  of  a  circle,  subtended  by  one  second,  is  less  than 
the  200,000th  part  of  the  radius,  so  that  on  a  circle  of  6  feet  in 
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diameter  it  vould  occupy  no  greater  linear  extent  than  ^^^^th 
part  of  an  inch ;  a  quantity  requiring  a  powerful  microscope  to  be 
discerned  at  all.  Let  any  one  figure  to  himself,  therefore,  die  diffi- 
culty of  placing  on  the  circumference  of  a  metallic  circle  of  such 
dimensions  (supposing  the  difficulty  of  its  construction  surmounted), 
360  marks,  dots,  or  cognizable  divisions,  which  shall  all  be  true 
to  their  places  within  such  narrow  limits;  to  say  nothing  of  the 
subdivision  of  the  degrees  so  marked  off  into  minutes,  and  of  these 
again  into  seconds.  Such  a  work  has  probably  baffled,  and  will 
probably  for  ever  continue  to  baffle,  the  utmost  stretch  of  human 
skill  and  industry ;  nor,  if  executed,  could  it  endure.  The  ever 
varying  fluctuations  of  heat  and  cold  have  a  tendency  to  produce 
not  merely  temporary  and  transient,  but  permanent,  uncompen- 
sated changes  of  form  i^  all  considerable  masses  of  those  metab 
which  alone  are  applicable  to  such  uses ;  and  their  own  weight, 
however  symmetrically  formed,  must  always  be  unequally  sus- 
tained, since  it  is  impossible  to  apply  the  sustaining  power  to 
every  part  separately :  even  could  this  be  done,  at  all  events  force 
must  be  used  to  move  and  to  fix  them ;  which  can  never  be  done 
without  producing  temporary  and  risking  permanent  change  of 
form.  It  is  true,  by  dividing  them  on  their  centres,  and  in  the  iden- 
tical places  they  are  destined  to  occupy,  and  by  a  thousand  inge- 
nious and  delicate  contrivances,  wonders  have  been  accomplished 
in  this  department  of  art,  and  a  degree  of  perfection  has  been 
given,  not  merely  to  chefs  d^csuvrey  but  to  instruments  of  moderate 
prices  and  dimensions,  and  in  ordinary  use,  which,  on  due  consi- 
deration, must  appear  very  surprising.  But  though  we  are  entitled 
to  look  for  wonders  at  the  bands  of  scientific  artists,  we  are  not  to 
expect  miracles.  The  demands  of  the  astronomer  will  always  sur- 
pass the  power  of  the  artist ;  and  it  must,  therefore,  be  constantly 
the  aim  of  the  former  to  make  himself,  as  far  as  possible,  indepen- 
dent of  the  imperfections  incident  to  every  work  the  latter  can 
place  in  his  hands.  He  must,  therefore,  endeavour  so  to  combine 
his  observations,  so  to  choose  his  opportunities,  and  so  to  famili- 
arize himself  with  all  the  causes  which  may  produce  instrumental 
derangement,  and  with  all  the  peculiarities  of  structure  and  mate- 
rial of  each  instrument  he  possesses,  as  not  to  allow  himself  to  be 
misled  by  their  errors,  but  to  extract  firom  their  indications,  as  fer 
as  possible,  all  that  is  true^  and  reject  all  that  is  erroneous.     It  is 
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in  this  that  the  art  of  the  practical  astronomer  consists, — an  art  of 
Itself  of  a  curious  and  intricate  nature,  and  of  >vhich  we  can  here 
only  notice  some  of  the  leading  and  general  features. 

(132.)  The  great  aim  of  the  practical  astronomer  being  numerical 
correctness  in  the  results  of  instrumental  measurement,  his  constant 
care  and  vigilance  must  be  directed  to  the  detection  and  compen- 
sation of  errors,  either  by  annihilating,  or  by  taking  account  of, 
and  allowing  >for  them.  Now,  if  we  examine  the  sources  from 
"which  errors  may  arise  in  any  mstrumental  determination,  we 
shall  find  them  chiefly  reducible  to  three  principal  heads : — 

(133.)  1st,  External  or  incidental  causes  of  error;  comprehend- 
ing such  as  depend  on  external,  uncontrollable  circumstances :  such 
as,  fluctuations  of  weather,  which  disturb  the  amount  of  refraction 
from  its  tabulated  value,  and,  being  reducible  to  no  fixed  law, 
induce  uncertainty  to  the  extent  of  their  own  possible  magnitude ; 
such  as,  by  varying  the  tetmperature  of  the  air,  vary  also  the  form 
and  position  of  the  instruments  used,  by  altering  the  relative  magni- 
tudes and  the  tension  of  their  parts ;  and  others  of  the  like  nature. 

(134.)  2dly,  Errors  of  observation;  such  as  arise,  for  example, 
from  inexpertness,  defective  vision,  slowness  in  seizing  the  exact 
instant  of  occurrence  of  a  phenomenon,  or  precipitancy  in  antici- 
pating it,  &c. ;  from  atmospheric  indistinctness ;  insufficient  optical 
power  in  the  instrument,  and  the  like.  Under  this  head  may  also 
be  classed  all  errors  arising  from  momentary  instrumental  derange- 
ment,— slips  in  clamping,  looseness  of  screws,  &c. 

(135.)  3dly,  The  third,  and  by  far  the  most  numerous  class  of 
errors  to  which  astronomical  measurements  are  liable,  arise  from 
causes  which  may  be  deemed  instrumental,  and  which  may  be 
subdivided  into  two  principal  classes.  The  Jirst  comprehends 
those  which  arise  from  an  instrument  not  being  what  it  professes 
to  be,  which  is  error  of  workmanship.  Thus,  if  a  pivot  or  axis, 
instead  of  being,  as  it  ought,  exactly  cylindrical,  be  slightly  flat- 
tened, or  elliptical,-— if  it  be  not  exactly  (as  it  is  intended  it  should) 
concentric  with  the  circle  it  carries ;— if  this  circle  (so  called)  be 
in  reality  not  exactly  circular,  or  not  in  one  plane  ;-*if  its  divisions, 
intended  to  be  precisely  equidistant,  should  be  placed  in  reality  at 
unequal  intervals, — and  a  hundred  other  things  of  the  same  sort. 
These  are  not  mere  speculative  sources  of  error,  but  practical 
annoyances,  which  every  observer  has  to  contend  with. 
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(136.)  The  other  subdivision  of  instrumental  errors  comprehends 
such  as  arise  from  an  instrument  not  being  placed  in  the  posUian 
it  ought  to  have;  and  from  those  of  its  parts,  v^hich  are  made 
purposely  moveable,  not  being  properly  disposed  inter  se.    These 
are  errors  of  adjustment    Some  are  unavoidable,  as  they  arise 
from  a  general  unsteadiness  of  the  soil  or  building  in  ^icfa  the 
instruments  are  placed;  which  though  too  minute  to  be  noticed  in 
any  other  way,  become  appreciable  in  delicate  astronomical  obser- 
vations: otherS)  again,  are  consequences  of  imperfect  workmanship, 
as  where  an  instrument  once  well  adjusted  will  not  remain  so,  but 
keeps  deviating  and  shifting.     But  the  most  important  of  this  class 
of  errors  arise  from  the  non-existence  of  natural  indications,  other 
than  those  afforded  by  astronomical  observations  themselves, 
whether  an  instrument  has  or  has  not  the  exact  position,  with 
respect  to  the  horizon  and  its  cardinal  points,  the  axis  of  the  earthy 
or  to  other  principal  astronomical  lines  and  circles,  which  it  ought 
to  have  to  fulfil  properly  its  objects. 

(137.)  Now,  with  respect  to  the  first  two  classes  of  error,  it 
must  be  observed,  that,  in  so  far  as  they  cannot  be  reduced  to 
known  laws,  and  thereby  become  subjects  of  calculation  and  due 
allowance,  they  actually  vitiate,  to  their  full  extent,  the  results  of 
any  observations  in  which  they  subsist.  Being,  however,  in  their 
nature  casual  and  accidental,  their  effects  necessarily  lie  sometimes 
one  way,  sometimes  the  other;  sometimes  diminishing,  sometimes 
tending  to  increase  the  results.  Hence,  by  greatly  multiplying 
observations^  under  varied  circumstances,  by  avoidmg  unfavour- 
able, and  taking  advantage  of  favourable  circumstances  of  weather, 
or  otherwise  using  opportunity  to  advantage — and  finally,  by 
taking  the  mectn  or  average  of  the  results  obtained,  this  class  of 
errors  may  be  so  far  subdtied^  by  setting  them  to  destroy  one 
another,  as  no  longer  sensibly  to  vitiate  any  theoretical  or  practical 
conclusion.  This  is  the  great  and  indeed  only  resource  against 
such  errors,  not  merely  to  the  astronomer,  but  to  the  investigator 
of  numerical  results  in  every  department  of  physical  research. 

(138.)  With  regard  to  errors  of  adjustment  and  workmanship, 
not  only  the  possibUUyy  but  the  certainty  of  their  existence,  in 
every  imaginable  form,  in  all  instruments,  must  be  contemplated. 
Human  hands  or  machines  never  formed  a  circle,  drew  a  straight 
line,  or  erected  a  perpendicular^  nor  ever  placed  an  instrument  in 
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ptrfed  adJQStment,  unless  accidentally ;  and  then  only  daring  an 
instant  of  time.  This  does  not  prevent,  however,  that  a  great 
approximation  to  all  these  desiderata  should  be  attained.  Bat  it 
18  the  peculiarity  of  astronomical  observation  to  be  the  ulHmaie 
means  of  deiedion  of  all  mechanical  defects  which  elude  by  their 
minuteness  every  other  mode  of  detection.  What  the  eye  can* 
not  discern  nor  the  touch  perceive,  a  course  of  astronomical  obser- 
vations will  make  distinctly  evident  The  imperfect  products  of 
man^s  hands  are  here  tested  by  being  brought  into  comparison 
under  very  great  magnifying  powecs  (corresponding  in  effect  to  a 
great  increase  in  acuteness  of  perception)  with  the  perfect  work- 
manship of  nature ;  and  there  is  none  which  will  bear  the  trial. 
Now,  it  may  seem  Uke  arguing  in  a  vicious  circle,  to  deduce  theo- 
retical conclusions  and  laws  from  observation,  and  then  turn  round 
tqfon  the  instruments  with  which  those  observations  were  made, 
accuse  them  of  imperfection,  and  attempt  to  detect  and  rectify 
their  errors  by  means  of  the  very  laws  and  theories  which  they 
have  helped,  us  to  a  knowledge  of.  A  little  consideration,  how- 
ever, will  suffice  to  show  that  such  a  course  of  proceeding  is  per- 
fectly legitimate. 

(139.)  The  steps  by  which  we  arrive  at  the  laws  of  natural 
phenomena,  and  especially  those  which  depend  for  their  verification 
on  numerical  determinations,  are  necessarily  successive.  Gross 
results  and  palpable  laws  are  arrived  at  by  rude  observation  with 
coarse  instruments,  or  without  any  instruments  at  all,  and  are 
expressed  in  language  which  is  not  to  be  considered  as  absolute, 
but  is  to  be  interpreted  with  a  degree  of  latitude  commensurate 
to  the  imperfection  of  the  observations  themselves. .  These  results 
are  corrected  and  refined  by  nicer  scrutiny,  and  with  more  delicate 
means.  The  first  rude  expressions  of  the  laws  which  embody 
them  are  perceived  to  be  inexact.  The  language  used  in  their 
expression  is  corrected,  its  terms  more  rigidly  defined,  or  fresh 
terms  introduced,  until  the  new  state  of  language  and  terminology 
is  brought  to  fit  the  improved  state  of  knowledge  of  facts.  In 
the  progress  of  this  scrutiny  subordinate  laws  are  brought  into 
-view  which  still  further  modify  both  the  verbal  statement  and 
numerical  results  of  those  which  first  offered  themselves  to  our 
notice ;  and  when  these  are  traced  out  and  reduced  to  certainty, 
others,  again,  subordinate  to  them,  make  their  appearance,  and 
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become  subjects  of  further  inquiry.  Now,  it  invariably  happens 
(and  the  reason  is  evident)  that  the  first  glimpse  vre  catch  of  such 
subordinate  la^ws — the  first  form  in  which  they  are  dimly  shadowed 
out  to  our  minds — ^is  that  of  errors.  We  perceive  a  discordance 
between  what  we  expect^  and  what  we  find.  The  first  occurrence 
of  such  a  discordance  we  attribute  to  accident.  It  happens  again 
and  again ;  and  we  begin  to  suspect  our  instruments.  We  then 
inquire,  to  what  amount  of  error  their  determinations  can,  by  pos^ 
siMlUy,  be  liable.  If  their  limit  of  possible  error  exceed  the 
observed  deviation,  we  at  once  coAdemn  the  instrument,  and  set 
about  improving  its  construction  or  adjustments.  Still  the  same 
deviations  occur,  and,  so  far  from  being  palliated,  a^e  more  marked 
and  better  defined  than  before.  We  are  now  sure  that  we  are  on 
the  traces  of  a  law  of  nature,  and  we  pursue  it  till  we  have  reduced 
it  to  a  definite  statement,  and  verified  it  by  repeated  observation, 
under  every  variety  of  circumstances. 

(140.)  Now,  in  the  course  of  this  inquiry,  it  will  not  fail  to 
happen  that  other  discordances  will  strike  us.  Taught  by  experi* 
ence,  we  suspect  the  existence  of  some  natural  law,  before  un- 
known ;  we  tabulate  (t.  e,  draw  out  in  order)  the  results  of  our 
observations ;  and  we  perceive,  in  this  synoptic  statement  of  them, 
distinct  indications  of  a  regular  progression.  Again  we  improve 
or  vary  our  instruments,  and  we  now  lose  sight  of  this  supposed 
new  law  of  nature  altogether,  or  find  it  replaced  by  some  other,  of 
a  totally  different  chaii^cter.  Thus  we  are  led  to  suspect  an  instru- 
mental cause  for  what  we  have  noticed.  We  examine,  therefore, 
the  theory  of  our  instrument ;  we  suppose  defects  in  its  structure, 
and,  by  the  aid  of  geometry,  we  trace  their  influence  in  introducing 
actual  errors  into  its  indications.  These  errors  have  their  laws^ 
which,  so  long  as  we  have  no  knowledge  of  causes  to  guide  us, 
may  be  confounded  with  laws  of  nature,  as  they  are  mixed  up 
with  them  in  their  effects.  They  are  not  fortuitous,  like  errors  of 
observation,  but,  as  they  arise  from  sources  inherent  in  the  instru- 
ment, and  unchangeable  while  it  and  its  adjustments  remain  un- 
changed, they  are  reducible  to  fixed  and  ascertainable  forms; 
each  particular  defect,  whether  of  structure  or  adjustment,  pro- 
ducing its  own  appropriate  Jbrm  of  error.  When  these  are 
thoroughly  investigated,  we  recognize  among  them  one  which 
coincides  in  its  nature  and  progression  with  that  of  our  observed 
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discordances.   The  mystery  is  at  once  solved.   We  have  detected, 
by  direct  observation,  an  instrumental  defect. 

(141.)  It  is,  therefore,  a  chief  requisite  for  the  practical  astro^* 
nomer  to  make  himself  completely  familiar  mth  the  theory  of  his 
instruments.    By  this  alone  is  he  enabled  at  once  to  decide  what 
^ect  on  his  observations  any, given  imperfection  of  structure  or 
adjustment  will  produce  in  any  given  circumstances  under  which 
an  observation  can  be  made.    This  alone  also  can  place  him  in  a 
condition  to  derive  available  and  practical  means  of  destroying 
and  eliminating  altogether  the  influence  of  such  imperfections,  by 
so  arraDging  his  observations,  that  it  shall  affect  their  results  in 
opposite  ways,  and  that  its  influence  shall  thus  disappear  from 
their  mean,  which  is  one  of  the  chief  modes  by  which  precision  is 
attained  in  practical  astronomy.    Suppose,  for  example,  the  prin- 
ciple of  an  instrument  required  that  a  circle  should  be  concentric 
with  the  axis  on  which  it  is  made  to  turn.    As  this  is  a  condition 
which  no  workmanship  can  exactly  fulfil,  it  becomes  necessary  to 
inquire  what  errors  will  be  produced  in  observations  made  and 
registered  on  the  faith  of  such  an  instrument,  by  any  assigned 
deviation  in  this  respect ;  that  is  to  say,  what  would  be  the  dis- 
agreement between  observations  made  with  it  and  with  one  abso- 
lutely perfect,  could  such  be  obtained.    Now,  simple  geometrical 
considerations  suffice  to  show — 1st,  that  if  the  axis  be  excentric 
by  a  given  fraction  (say  one  thousandth  part)  of  the  radius  of  the 
circle,  all  angles  read  off  on  that  part  of  the  circle  towards  which 
the  excentricity  lies,  will  appear  by  that  fractional  amount  too 
small,  and  all  on  the  opposite  side  too  large.    And,  2dly,  that 
whatever  be  the  amount  of  the  excentricity,  and  on  whatever  part 
of  the  circle  any  proposed  angle  is  measured,  the  effect  of  the  error 
in  question  on  the  result  of  observations  depending  on  the  gradua- 
tion of  its  circumference  (or  limb,  as  it  is  technically  called)  will 
be  completely  annihilated  by  the  very  easy  method  of  always  read- 
ing off  the  divisions  on  two  diametrically  opposite  points  of  the 
circle,  and  taking  a  mean ;  for  the  effect  of  excentricity  is  always 
to  increase  the  arc  representing  the  angle  in  question  on  one  side 
of  the  circle,  by  just  the  same  quantity  by  which  it  diminishes  that 
on  the  other.    Again,  suppose  that  the  proper  use  of  the  mstru- 
ment  required  that  this  axis  should  be  exactly  parallel  to  that  of 
the  earth.    As  it  never  can  be  placed  or  remain  so,  it  bedbmes  a 
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questioDi  what  amount  of  error  will  arise^  in  its  use,  from  any 
assigned  deviation,  whether  in  a  horizontal  or  rertical  plane,  from 
this  precise  position.  Such  inquiries  constitute  the  theory  of  instru- 
mental errors ;  a  theory  of  the  utmost  importance  to  practice,  and 
one  of  which  a  complete  knowledge  will  enable  an  observer,  with 
moderate  instrumental  means,  often  to  attain  a  degree  of  precision 
which  might  seem  to  belong  only  to  the  most  refined  and  costly. 
This  theory,  as  will  readily  be  apprehended,  turns  almost  entirely 
on  considerations  of  pure  geometry,  and  those  for  the  most  part  not 
difficult.  In  the  present  work,  however,  we  have  no  further  con- 
cern with  it.  The  astronomical  instruments  we  propose  briefly  to 
describe  in  this  chapter  will  be  considered  as  perfect  both  in  con- 
struction and  adjustment.* 

(142.)  As  the  above  remarks  are  very  essential  to  a  right  under- 
standing of  the  philosophy  of  our  subject  and  the  spirit  of  astro- 
nomical methods,  we  shall  elucidate  them  by  taking  one  or  two 
special  cases.  Observant  persons,  before  the  invention  of  astro- 
nomical instruments,  had  already  concluded  the  apparent  diurnal 
motions  of  the  stars  to  be  performed  in  circles  about  fixed  poles  in 
die  heavens,  as  shown  in  the  foregoing  chapter.  In  drawing  this 
conclusion,  however,  refraction  was  entirely  overlooked,  or,  if 
forced  on  their  notice  by  its  great  magnitude  in  the  immediate 
neighbouiiiood  of  the  horizon,  was  regarded  as  a  local  irregularity, 
and^  as  such,  neglected,  or  slurred  over.  As  soon,  however,  as 
the  diurnal  paths  of  the  stars  were  attempted  to  be  traced  by  in- 
struments, even  of  the  coarest  kind,  it  became  evident  that  the 
notion  of  exact  circles  described  about  one  and  the  same  pole 
would  not  represent  the  phenomena  correctly,  but  that,  owing  to 
some  cause  or  other,  the  apparent  diurnal  orbit  of  every  star  is 
distorted  from  a  circular  into  an  oval  form,  its  lower  segment  being 
flatter  than  its  upper ;  and  the  deviation  being  greater  the  nearer 
the  star  approached  the  horizon,  the  effect  being  the  same  as  if  the 
circle  had  been  squeezed  upwards  from  below,  and  the  lower  parts 
more  than  the  higher.  For  such  an  efiect,  as  it  was  soon  found  to 
arise  from  no  casual  or  instrumental  cause,  it  became  necessaiy  to 
seek  a  natural  one ;  and  refraction  readily  occurred,  to  solve  the 

*  The  prindple  on  which  the  chief  adjnstmeDts  of  two  or  three  of  the  most  useful 
and  common  insCnimentiy  such  as  the  trazuit,  the  equatorial,  and  the  aextant,  are 
performed,  are,  however,  noticed,  for  the  convenience  of  readers  ^o  may  use  such 
instruments  without  going  forther  into  the  arcana  of  practical  astronomy. 
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difficulty.  In  fact,  it  is  a  case  precisely  aoalogous  to  vrbat  we 
have  already  noticed  (art.  47),  of  the  apparent  distortion  of  the 
sun  near  the  horizon,  only  on  a  larger  scale,  and  traced  np  to 
greater  altitudes.  This  new  law  once  established,  it  became 
necessary  to  modify  the  expression  of  that  anciently  received,  by 
insertbg  in  it  a  salvo  for  the  effect  of  refraction,  or  by  making  i 
distinction  between  the  (q>pareni  diurnal  orbits,  as  affected  by  re- 
fraction, and  the  true  ones  cleared  of  that  effect.  This  distinction 
between  the  t^fparent  and  the  true — between  the  uncorrected  and 
corrected — between  the  rough  and  obviouSy  and  the  rained  and 
ultimate — ^is  of  perpetual  occurrence  in  every  part  of  astronomy. 

(143.)  Agmn.  The  first  impression  produced  by  a  view  of  the 
diurnal  movement  of  the  heavens  is,  that  all  the  heavenly  bodies 
perform  this  revolution  in  one  common  period,  viz.  a  doy^  or  24 
hours.  But  no  sooner  do  we  come  to  examine  the  matter  imtrth 
mentally  J  i.  e.  by  noting,' by  time-keepers,  their  successive  arrivals 
on  the  meridian,  than  we  find  differences  which  cannot  be  account- 
ed for  by  any  error  of  observation.  All  the  itarSy  it  is  true,  occupy 
the  same  interval  of  time  between  their  successive  appulses  to  the 
meridian,  or  to  any  vertical  circle  ;  but  this  is  a  very  different  one 
firom  that  occupied  by  the  sun.  It  is  palpably  shorter;  being,  in 
fact,  only  23''  56'  4*09'\  instead  of  24  hours,  such  hours  as  our 
common  clocks  mark.  Here,  then,  we  have  already  two  d^erent 
days  J  a  sidereal  and  a  solar  ;  and  if,  instead  of  the  sun,  we  observe 
the  moon,  we  fin  da  third,  much  longer  than  either, — a  lunar  day, 
^ose  average  duration  is  24^  54^^  of  our  ordinaiy  time,  which 
last  is  soktr  time,  being  of  necessity  conformable  to  the  sun^s  suc- 
cessive re-appearances,  on  which  all  the  business  of  life  depends. 

(144.)  Now,  all  the  stars  are  found  to  be  unanimous  in  giving 
the  same  exact  duration  of  23^  66'  4-09'',  for  the  sidereal  day ; 
which,  therefore,  we  cannot  hesitate  to  receive  as  the  period  in 
which  the  earth  makes  one  revolution  on  its  axis.  We  are,  there- 
fore, compelled  to  look  on  the  sun  and  moon  as  exceptions  to  the 
general  law ;  as  having  a  different  nature,  or  at  least  a  different 
relation  to  us,  from  the  stars ;  and  as  having  motions,  real  or  ap- 
parent, of  their  own,  independent  of  the  rotation  of  the  earth  on  its 
axis.  Thus  a  great  and  most  important  distinction  is  disclosed  to  us. 

(145.)  To  establish  these  facts,  almost  no  apparatus  is  required. 
An  observer  need  only  station  himself  to  the  north  of  some  well- 
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defined  vertical  object,  as  the  angle  of  a  building,  and,  placing 
his  eye  exactly  at  a  certain  fixed  point  (such  as  a  small  hole  in  a 
plate  of  metal  nailed  to  some  immoveable  support),  notice  the 
successive  disappearances  of  any  star  behind  the  building,  by  a 
watch.*  When  he  observes  the  sun,  he  must  shade  his  eye  with 
a  dark-coloured  or  smoked  glass,  and  notice  the  moments  when 
its  western  and  eastern  edges  successively  come  up  to  the  wall, 
from  which,  by  taking  half  the  interval,  he  will  ascertain  (what  he 
cannot  directly  observe)  the  moment  of  disappearance  of  its  centre. 
(146.)  When,  in  pursuing  and  establishing  this  general  fact, 
we  are  led  to  attend  more  nicely  to  the  times  of  the  daily  arrival 
of  the  sun  on  the  meridian,  irregularities  (such  they  first  seem  to 
be)  begin  to  make  their  appearance.  The  intervals  between  two 
successive  arrivals  are  not  the  same  at  all  times  of  the  year.  They 
are  sometimes  greater,  sometimes  less,  than  24  hours,  as  shown 
by  the  clock;  that  is  to  say,  the  solar  day  is  not  always  of  the 
same  length.  About  the  21st  of  December,  for  example,  it  is 
half  a  minute  longer ^  and  about  the  same  day  of  September'nearly 
as  much  shorter ,  than  its  average  duration.  And  thus  a  distinction 
is  again  pressed  upon  our  notice  between  the  actual  solar  day, 
which  is  never  two  days  in  succession  alike,  and  the  mean  solar 
day  of  24  hours,  which  is  an  average  of  all  the  sokr  days  through- 
out the  year.  Here,  then,  a  new  source  of  inquiry  opens  to  us. 
The  sun's  apparent  motion  is  not  only  not  the  same  with  that  of 
the  stars,  but  it  is  not  (as  the  latter  is)  uniform,  tt  is  subject  to 
fluctuations,  whose  laws  become  matter  of  investigation.  But  to 
pursue  these  laws,  we  require  nicer  means  of.  observation  than 
what  we  have  described,  and  are  obliged  to  call  in  to  our  aid  an 
instrument  called  the  transU  instrument^  especially  destined  for 
such  observations,  and  to  attend  minutely  to  all  the  causes  of 
irregularity  in  the  going  of  clocks  and  watches  which  may  afiect 
our  reckoning  of  time.  Thus  we  become  involved  by  degrees  in 
more  and  more  delicate  instrumental  inquiries ;  and  we  speedily 

*  This  is  an  excellent  practical  method  of  ascertaining  the  rate  of  a  clock  or 
watch,  being  exceedingly  accurate  if  a  few  precautions  are  attended  to;  the  chief 
of  which  i%  to  take  care  that  that  part  of  the  edge  behind  which  the  star  (a  bright 
one,  not  a  planet)  disappears  shall  be  quite  smooth ;  as  otherwise  variable  refiac- 
tion  may  transfer  the  point  of  disappearance  from  a  protuberance  to  a  notch,  and 
thus  vary  the  moment  of  observation  unduly.  This  is  easily  secured^  by  nailing 
up  a  smooth-edged  board.  The  Terticality  of  its  edge  should  be  ensured  by  the 
uae  of  a  plumb-line* 
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find  that,  in  proportion  as  we  ascertain  the  amount  and  law  of  one 
great  or  leading  fluctuation,  or  inequality,  as  it  is  called,  of  the 
sun's  diurnal  motion,  we  bring  into  view  others  continually  smaller 
and  smaller,  which  were  before  obscured,  or  mixed  up  with  errors 
of  observation  and  instrumental  imperfections.  In  short,  we  may 
not  inaptly  compare  the  mmn  length  of  the  solar  day  to  the  mean 
or  average  height  of  water  in  a  harbour,  or  the  general  level  of 
the  sea  unagitated  by  tide  or  waves.  The  great  annual  fluctuation 
above  noticed  may  be  compared  to  the  daily  variations  of  level 
produced  by  the  tides,  which  are  nothing  but  enormous  waves 
extending  over  the  whole  ocean,  while  the  smaller  subordinate 
inequalities  may  be  assimilated  to  waves  ordinarily  so  called,  on 
which,  when  large,  we  perceive  lesser  undulations  to  ride,  and 
on  these,  again,  minuter  ripplings,  to  the  series  of  whose  subordi- 
nation we  can  perceive  no  end. 

(147.)  With  the  causes  of  these  irregularities  in  the  solar  motion 
we  have  no  concern  at  present ;  their  explanation  belongs  to  a 
more  advanced  part  of  our  subject :  but  the  distinction  between 
the  solar  and  sidereal  days,  as  it  pervades  every  part  of  astronomy, 
requires  to  be  early  introduced,  and  never  lost  sight  of.  It  is,  as 
already  observed,  the  mean  or  average  length  of  the  solar  day, 
which  is  used  in  the  civil  reckoning  of  time.  It  commences  at 
midnight,  but  astronomers,  even  when  they  use  mean  solar  time, 
depart  from  the  civil  reckoning,  commencing  their  day  at  noon, 
and  reckoning  the  hours  from  0  round  to  24.  Thus,  11  o'clock 
in  the  forenoon  of  the  second  of  January,  in  the  civil  reckoning 
of  time,  corresponds  to  January  1  day  23  hours  in  the  astronomi- 
cal reckoning;  and  1  o'clock  in  the  afternoon  of  the  former,  to 
January  2  days  1  hour  of  the  latter  reckoning.  This  usage  has  its 
advantages  and  disadvantages,  but  the  latter  seem  to  preponderate ; 
and  it  would  be  well  if,  in  consequence,  it  could  be  broken  through, 
and  the  civil  reckoning  substituted.  Uniformity  in  nomenclature 
and  modes  of  reckoning  in  all  matters  relating  to  time^  spaccj 
weighty  measure^  Sfc.yis  of  suck  vast  and  paramount  importance  in 
every  relation  of  life  as  to  outweigh  every  consideration  of  technical 
convenience  or  custom.^ 

*  The  only  disadvantage  to  astronomera  of  using  the  civil  reckoning  is  this — 
that  their  observations  being  chiefly  carried  on  during  the  night,  the  day  of  their 
date  wiUy  in  this  reckoningi  always  have  to  be  changed  at  midnight,  and  the  for- 
mer and  latter  portion  oi  every  night's  observations  will  belong  to  two  diffisr- 
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(148.)  Both  astronomers  and  civilians,  however,  who  inhabit 
different  points  of  the  earth's  suiface,  di£fer  from  each  other  in 
their  reckoning  of  time ;  as  it  is  obvious  they  must,  if  we  consider 
that,  when  it  is  noon  at  one  place,  it  is  midnight  at  a  place  diame* 
trically  opposite ;  sunrise  at  another ;  and  sunset,  again,  at  a  fourth. 
Hence  arises  considerable  inconvenience,  especially  as  respects 
places  differing  very  widely  in  situation,  and  which  may  even  in 
some  critical  cases  involve  the  mistake  of  a  whole  day.  To 
obviate  this  inconvenience,  there  has  hitely  been  introduced  a 
system  of  reckoning  time  by  mean  solar  days  and  parts  of  a  day 
counted  from  a  fixed  instant,  common  to  all  the  world,  and  deter- 
mined by  no  local  circumstance,  such  as  noon  or  midnight,  but  by 
the  motion  of  the  sun  among  the  stars.  Time,  so  reckoned,  is 
called  equinoctial  time ;  and  is  numerically  the  same,  at  the  same 
instant,  in  every  part  of  the  globe.  Its  origin  will  be  explained 
more  fully  at  a  more  advanced  stage  of  our  work. 

(149.)  Time  is  an  essential  element  in  astronomical  observatioo, 
in  a  twofold  point  of  view : — 1st,  As  the  representative  of  angular 
motion.  The  earth's  diurnal  motion  being  uniform,  every  star 
describes  its  diurnal  circle  uniformly;  and  the  time  elapsmg 
between  the  passage  of  the  stars  in  succession  across  the  meridian 
of  any  observer  becomes,  therefore,  a  direct  measure  of  their 
differences  of  right  ascension.  2dly,  As  the  fundamental  element 
(or  natural  independeni  variable^  to  use  the  language  of  geometers) 
in  all  dynamical  theories.  The  great  object  of  astronomy  is  the 
determination  of  the  laws  of  the  celestial  motions,  and  their  refer- 
ence to  their  proximate  or  remote  causes.  Now,  the  statement  of 
the  law  of  any  observed  motion  in  a  celestial  object  can  be  no 
other  than  a  proposition  declaring  what  has  been,  is,  and  will  be, 
the  real  or  apparent  situation  of  that  object  ai  any  timef  past,  pre- 
sent, or  future.  To  compare  such  laws,  therefore,  with  observa- 
tion, we  must  possess  a  register  of  the  observed  situations  of  the 
object  in  question,  and  of  the  times  when  they  were  observed. 

(160.)  The  measurement  of  time  is  performed  by  clocks,  chro- 
nometers, clepsydras,  and  hour-glasses.    The  two  former  are  alone 

ently  numbered  ciTil  days  of  the  month.  There  is  no  denying  this  to  be  an  incon- 
venience. Habit,  however,  would  alleviate  it ;  and  tome  inconveniences  must  be 
cheerfully  submitted  to  by  all  who  resolve  to  act  on  general  principles.  AU  other 
classes  of  men,  whose  occupation  extends  to  the  night  as  well  as  day,  submit  to  i^ 
and  find  their  advantage  in  doing  so. 
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naed  in  modern  aatronomy.  The  hour-glass  is  a  ooane  and  rude 
coAtriTanee  for  measuriDg,  or  rather  countiog  out,  fixed  portions 
of  time,  and  is  entirely  disused*  The  clepsydra',  which  measured 
time  by  the  gradual  emptying  of  a  large  vessel  of  water  through 
a  dertiminate  orifice,  is  susceptible  of  considerable  exactness,  and 
was  the  only  dependence  of  astronomers  before  the  invention  of 
clocks  and  watches.  At  present  it  is  abandoned,  owing  to  the 
greater  convenience  and  exactness  of  the  latter  instruments.  lo 
one  case  only  has  the  revival  of  its  use  been  proposed ;  viz.  for 
the  accurate  measurement  of  veiy  small  portions  of  time,  by  the 
flowing  out  of  mercury  from  a  small  orifice  in  the  bottom  of  a 
vessel,  kept  constantly  full  to  a  fixed  height.  The  stream  is  inter- 
cepted at  dke  moment  of  noting  any  event,  and  directed  aside  into 
a  receiver,  into  which  it  continues  to  run,  till  the  moment  of  noting 
any  other  event,  when  the  intercepting  cause  is  suddenly  removed, 
the  Itream  flows  in  its  original  course,  and  ceases  to  run  into  the 
receiver.  The  toeighi  of  mercury  received,  compared  with  the 
weight  received  in  an  interval  of  time  observed  by  the  clock, 
gives  the  interval  between  the  events  observed*  This  ingenious 
and  simple  method  of  resolving,  with  all  possible  precision,  a 
problem  of  much  importance  in  many  physical  inquiries,  is  due 
to  the  late  Captain  Kater. 

(151.)  The  pendulum  clock,  however,  and  the  balance  watch, 
with  those  improvements  and  refinements  in  its  structure  which 
constitute  it  emphatically  a  ckranomeiery*  are  the  instrumeuts  on 
which  the  astronomer  depends  for  his  knowledge  of  the  lapse  of  time. 
These  instruments  are  now  brought  to  such  perfection,  that  an 
habitual  irregularity  in  the  rate  of  gobg,  to  the  extent  of  a  single 
second  in  twenty-four  hours  in  two  consecutive  days,  is  not  tole* 
rated  in  one  of  good  character;  so  that  any  interval  of  time  less  than 
twenty-four  hours  may  be  certainly  ascertained  within  a  few  tenths 
of  a  second  by  their  use<  In  proportion  as  intervals  are  longer, 
the  risk  of  error,  as  well  as  the  amount  of  error  risked,  becomes 
greater,  because  the  accidental  errors  of  many  days  may  accumu- 
late ;  and  causes  producing  a  slow  progressive  change  in  the  rate 
of  going  may  subsist  unperceived.  It  is  not  safe,  therefore,  to 
trust  the  determination  of  time  to  clocks,  or  watches,  for  many 
days  in  succession,  without  checking  them,  and  ascertaining  their 

Xpoyo^y  time ;  fufptWi  to  meaiare. 
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errors  by  reference  to  natural  events  which  we  know  to  happen, 
day  after  day,  at  equal  intervals.  But  if  this  be  done,  the  longest 
intervals  may  be  fixed  with  the  same  precision  as  the  shortest ; 
since,  in  fact,  it  is  then  only  the  times  intervening  between  tbe 
first  and  the  last  moments  of  such  long  intervals,  and  such  of 
those  periodically  recurring  events  adopted  for  our  points  of 
reckoning,  as  occur  within  twenty-four  hours  respectively  of  either, 
that  we  measure  by  artificial  means.  The  whole  days  are  counted 
out  for  us  by  nature ;  the  fractional  parts  only,  at  either  end,  are 
measured  by  our  clocks.  To  keep  the  reckoning  of  the  integer 
days  correct,  so  that  none  shall  be  lost  or  counted  twice,  is  tbe 
object  of  the  calendar.  Chronology  marks  out  the  order  of  suc- 
cession of  events,  and  refers  them  to  their  proper  years  and  days ; 
while  chronometry,  grounding  its  determinations  on  the  precise 
observation  of  such  regularly  periodical  events  as  can  be  conveni- 
ently and  exactly  subdivided,  enables  us.  to  fix  the  moments  in 
which  phenomena  occur,  with  the  last  degree  of  precision^ 

(152.)  In  the  culmination  or  transU  (i.  e.  the  passage  across 
the  meridian  of  an  observer,)  of  every  star  in  the  heavens,  he  is 
furnished  with  such  a  regularly  periodical  natural  event  as  we 
allude  to.  Accordingly,  it  is  to  the  transits  of  the  brightest  and 
most  conveniently  situated  fixed  stars  that  astronomers  resort  to 
ascertain  their  e^^act  time,  or,  which  comes  to  the  same  thbg,  to 
determine  the  exact  amount  of  error  of  their  clocks. 

(153.)  Before  we  describe  the  instrument  destined  for  the  pur- 
pose of  observing  such  culminations,  however,  or  those  intended 
for  the  measurement  of  angular  intervals  in  the  sphere,  it  is  requisite 
to  place  clearly  before  the  reader  the  principle  on  which  the  tele- 
scope is  applied  in  astronomy  to  the  precise  determination  of  a 
direction  in  space, — that,  namely,  of  the  visual  ray  by  which  we 
see  a  star  or  any  other  distant  object. 

(154.)  The  telescope  most  commonly  used  in  astronomy  for 
these  purposes  is  the  refracting  telescope,  which  consists  of  an 

Fig.  14. 
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object-glass  (either  single,  or  as  is  now  almost  universal,  double, 
forming  what  is  called  in  optics,  an  achromatic  combination)  A ; 
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a  tube  A  B,  into  v^hich  the  brass  cell  of  the  object-glass  is  firmly 
screwed,  and  an  eye-lens  C,  for  which  is  often  sabstitated  a  com- 
bination of  glasses  designed  to  increase  the  magnifying  power  of 
the  telescope,  or  otherwise  give  more  distinctness  of  vision  accord- 
ing to  optical  principles  which  we  have  no  occasion  here  to  refer 
to.  This  also  is  fitted  into  a  cell,  which  is  screwed  firmly  into 
the  end  B  of  the  tnbe,  so  that  object-glass,  tube,  and  eye-glass 
may  be  considered  as  forming  one  piece,  invariable  in  the  relative 
position  of  its  parts. 

(156.)  The  line  P  Q  joining  the  centres  of  the  object  and  eye- 
glasses and  produced,  is  called  the  axis  or  line  of  collimaUon  of 
the  telescope.  And  it  is  evident,  that  the  situation  of  this  line 
holds  a  fixed  relation  to  the  tube  and  its  appendages,  so  long  as 
the  object  and  eye-glasses  maintain  their  fixity  in  this  respect. 

(156.)  Whatever  distant  object  E,  this  line  is  directed  to,  an 
inverted  picture  or  image  of  that  object  F  is  formed  (according  to 
the  principles  of  optics),  in  the  focus  of  the  object-glass,  and  may 
there  be  viewed  as  if  it  toere  a  real  otjectj  through  the  eye-lens  C, 
which  (if  of  short  focus)  enables  us  to  magnify  it  just  as  such  a 
lens  would  magnify  a  material  object  in  the  same  place. 

(157.)  Now  as  this  image  is  formed  and  viewed  in  the  air,  being 
itself  immaterial  and  impalpable — nothing  prevents  our  placing  in 
that  very  place  F  in  the  axis  of  the  telescope,  a  real,  substantial 
object  of  very  definite  form  and  delicate  make,  such  as  a  fine 
metallic  point,  as  of  a  needle — or  better  still,  a  cross  formed  by 
two  very  fine  threads  (spider-lines),  thin  metallic  wires,  or  lines 
drawn  on  glass  intersecting  each  other  at  right  angles — and  whose 
intersection  is  all  but  a  mathematical  point.  If  such  a  point,  wire, 
or  cross  be  carefully  placed  and  firmly  fixed  in  the  exact  focus  F, 
both  of  the  object  and  eye-glass,  it  will  be  seen  through  the  latter 
at  the  same  timey  and  occupying  the  same  precise  place  as  the  image 
of  the  distant  star  E.  The  magnifying  power  of  the  lens  renders 
perceptible  the  smallest  deviation  from  perfect  coincidence,  which, 
should  it  exist,  is  a  proof,  that  the  axis  Q  P  is  not  directed  rigor^ 
ously  towards  E.  In  that  case,  a  fine  motion  (by  means  of  a 
screw  duly  applied),  communicated  to  the  telescope,  will  be  ne- 
cessary to  vary  the  direction  of  the  axis  till  the  coincidence  is 
rendered  perfect.  iSo  precise  is  this  mode  of  pointing  found  in 
practice,  that  the  axis  of  a  telescope  may  be  directed  towards  a 
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star  or  other  definite  celestial  object  without  an  error  of  more  than 
a  few  tenths  of  a  second  of  angular  measure. 

(158.)  This  application  of  the  telescope  may  be  considered  as 
completely  annihilating  that  part  of  the  error  of  observation  which 
might  otherwise  arise  from  an  erroneous  estimation  of  the  direction 
in  which  an  object  lies  from  the  observer's  eye,  or  from  the  centre 
of  the  instrument.  It  is,  in  fact,  the  grand  source  of  all  the  pre- 
cision of  modem  astronomy,  without  which  all  other  refinements 
in  iustrumental  workmanship  would  be  thrown  away ;  the  errors 
capable  of  being  committed  in  pointing  to  an  object,  without  such 
assistance,  being  far  greater  than  what  could  arise  from  any  but 
the  very  coarsest  graduation.*  In  fact,  the  telescope  thus  applied 
becomes,  with  respect  to  angular,  what  the  microscope  is  with 
respect  to  linear  dimension.  By  concentrating  attention  on  its 
smallest  parts,  and  magnifying  into  palpable  intervals  the  minutest 
difierences,  it  enables  us  not  only  to  scrutinize  the  form  and  struc- 
ture of  the  objects  to  which  it  is  pointed,  but  to  refer  their  appa- 
rent places,  with  all  but  geometrical  precision,  to  the  parts  of  any 
scale  with  which  we  propose  to  compare  them, 

(159.)  We  now  turn  to  our  subject,  the  determination  of  time 
by  the  transits  or  culminations  of  celestial  objects.  The  instru- 
ment with  which  such  culminations  are  observed  is  called  a  treats^ 
instrument.  It  consists  of  a  telescope  firmly  fastened  on  a  hori- 
zontal axis  directed  to  the  east  and  west  points  of  the  horizon,  or 
at  right  angles  to  the  plane  of  the  meridian  of  the  place  of  obser- 

*  The  hooour  of  this  capital  imprOTement  has  been  suocesafuUy  Tindtoated  by 
Deiham  (Phil.  Trans,  zxz.  603>)  to  our  young,  talented,  and  unfortunate  countiy- 
man  Gasooigne,  from  his  correspondence  with  Crabtree  and  Horrockes,  in  his 
(Berham's)  possession.  The  passages  cited  by  Derham  from  these  letters  lea^ 
jiq  doubt  that,  so  early  as  1640,  Gascoigne  had  applied  telescopes  to  his  quadrants 
and  sextants,  with  threads  in  the  common  focus  of  the  glasses  /  and  had  even 
carried  the  invention  so  far  as  to  illuminate  the  field  of  view  by  artificial  light, 
which  he  found  <*  very  hdpfitl  token  the  moon  appeoreih  nod,  or  it  is  not  otherwite 
light  enough,"  These  inventions  were  freely  communicated  by  him  to  Crabtzee, 
and  through  him  to  his  friend  Horrockes,  the  pride  and  boast  of  British  astronomy ; 
both  of  whom  expressed  their  unbounded  admiration  of  this  and  many  other  of  bis 
delicate  and  admirable  improvements  in  the  art  of  observation.  Gascoigne,  how- 
ever, periled,  at  the  age  of  twenty-three,  at  the  battle  of  Marston  Moor ;  and  the 
premature  and  sudden  death  of  Horrockes,  at  a  yet  earlier  age,  will  account  for 
tii«  temporary  oblivion  of  the  invention.  It  was  revived,  or  re-invented,  in  1667, 
l^  Picard  and  Auzout  (Lalande,  Astron.  2310),  after  which  its  use  became  uni- 
versal. Morin,  even  earlier  than  Gascoigne  (in  1685),  had  proposed  to  substitute 
His  telescope  for  plain  sights ;  but  it  is  the  thread  or  wire  stretched  in  thtf  focus 
with  which  the  image  of  a  star  can  be  brought  to  exact  coincidence,  which  gives 
the  telescope  its  advantage  in  practice ;  and  the  idea  of  this  does  not  seem  to  have 
occurred  to  Morin.    (8ee  Lalande,  ubi  suprd.) 
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yation.  The  extremities  of  the  axis  are ,  formed  into  cylindrical 
pivots  of  exactly  equal  diameters,  which  rest  io  notches  formed  in 
metallic  supports,  bedded  (in  the  case  of  large  instruments)  on 
strong  pieces  of  stone,  and  susceptible  of  nice  adjustment  by 
screws,  botli  in  a  yertical  and  horizontal  direction.  By  the  former 
adjustment,  the  axis  can  be  rendered  precisely  horizontal,  by  levei^ 
hng  it  with  a  Uvd  made  to  rest  on  the  Fig.  15. 

pivots.  By  the  latter  adjustment  the  axis 
is  brought  precisely  into  the  east  and  west 
direction,  the  criterion  of  which  is  furnished 
by  the  observations  themselves  made  with 
the  instrument,  in  a  manner  presently  to  be 
explained,  or  by  a  well-defined  object, 
called  a  tnericSan  mark^  originally  deter- 
mined by  such  observations,  and  then,  for  convenience  of  ready 
reference,  permanently  established,  at  a  great  distance,  exactly  in 
a  meridian  line  passing  through  the  central  point  of  the  whole 
instrument.  It  is  evident,  from  this  description,  that,  if  the  axis, 
or  line  of  collimation  of  the  telescope  be  once  well  adjusted  at 
right  angles  to  the  axis  of  the  transit,  it  will  never  quit  the  plane 
of  the  meridian,  when  the  instrument  is  turned  round  on  its  axis 
of  rotation. 

(160.)  In  the  focus  of  the  eye-piece,  and  at  right  angles  to  the 
length  of  the  telescope,  is  placed,  not  a  single  cross,  as  in  our 
general  explanation  in  art.  157,  but  a  system  of  one  horizontal 
and  several  equidistant  vertical  threads  or 
wires,  (five  or  seven  are  more  usually  em- 
ployed,) as  represented  in  the  annexed  figure, 
which  always  appear  in  the  field  of  viewy  when 
properly  illuminated,  by  day  by  the  light  of  the 
sky,  by  night  by  that  of  a  lamp  introduced  by 
a  contrivance  not  necessary  here  to  explain. 
The  place  of  this  system  of  wires  may  be  al- 
tered by  adjusting  screws,  giving  it  a  lateral  (horizontal)  motion  ; 
and  it  i^  by  this  means  brought  to  such  a  position,  that  the  middle 
one  of  the  vertical  wires  shall  intersect  the  line  of  collimation  of 
the  telescope,  where  it  is  arrested  and  permanently  fastened.*   In 


Fig.  16. 


*  There  k  no  way  of  bfhigmg  the  true  opUe  axis  of  the  object  gbuM  to  coincide 
exactly  with  the  Hne  of  collimatioii,  but,  ito  long  m  the  object  gliM  doee  not  ehift 
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this  situation  it  is  evident  that  the  middle  thread  will  be  a  visible 
representation  of  that  portion  of  the  celestial  meridian  to  which  the 
telescope  is  pointed  ;  and  when  a  star  is  seen  to  cross  this  wire 
in  the  telescope,  it  is  in  the  act  of  culminating^  or  passing  the 
celestial  meridian.  The  instant  of  this  event  is  noted  bj  the  clock 
or  chronometer,  which  forms  an  indispensable  accompaniment  of 
the  transit  instrument.  For  greater  precision,  the  moments  of  its 
crossing  all  the  vertical  threads  is  noted,  and  a  mean  taken,  which 
(since  the  threads  are  equidistant)  would  give  exactly  the  same 
result,  were  all  the  observations  perfect,  and  will,  of  course,  tend 
to  subdivide  and  destroy  their  errors  in  an  average  of  the  whole 
in  the  contrary  case. 

(161.)  Forthemodeof  executing  the  adjustments,  and  allowing 
for  the  errors  unavoidable  in  the  use  of  this  simple  and  elegant 
instrument,  the  reader  must  consult  works  especially  devoted  to 
this  department  of  practical  astronomy.*  We  shall  here  only 
mention  one  important  verification  of  its  correctness,  which  con* 
sists  in  reversing  the  ends  of  the  axis,  or  turning  it  east  for  west. 
If  this  be  done,  and  it  continue  to  give  the  same  results,  and  inter- 
sect the  same  point  on  the  meridian  mark,  we  may  be  sure  that 
the  line  of  coUimatiou  of  the  telescope  is  truly  at  right  angles  to 
the  axis,  and  describes  strictly  a  plane,  t.  e.  marks  out  in  the 
heavens  a  great  drck.  In  good  transit  observations,  an  error  of 
two  or  three  tenths  of  a  second  of  time  in  the  moment  of  a  star's 
culmination  is  the  utmost  which  need  be  apprehended,  exclusive 
of  the  error  of  the  clock :  in  other  words,  a  clock  may  be  com* 
pared  with  the  earth's  diurnal  motion  by  a  single  observation, 
without  risk  of  greater  error.  By  multiplying  observations,  of 
course,  a  yet  greater  degree  of  precision  may  be  obtained. 

(162.)  The  plane  described  by  the  line  of  collimation  of  a  transit 
ought  to  be  that  of  the  meridian  of  the  place  of  observation.  To 
ascertain  whether  it  is  so  or  not,  celestial  observation  must  be 
resorted  to.  Now,  as  the  meridian  is  a  great  circle  passing  through 
the  pole,  it  necessarily  bisects  the  diurnal  circles  described  by  all 
the  stars,  all  which  describe  the  two  semicircles  so  arising  in  equal 
intervals  of  12  sidereal  hours  each.     Hence,  if  we  choose  a  star 

or  ahake  in  its  cell,  any  line  holding  an  invariable  position  with  respect  to  that 
axis,  may  be  taken  for  the  conventionai  or  astronomical  axis  with  equal  efiect 

*  See  Dr.  Pearson's  Treatise  on  Practical  Asbonomy.  Also  Bianchi  Sopra  lo 
Btramento  de'  Passagi.    £phem.  di  Milano,  1824. 
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whose  whole  dianul  circle  is  above  the  horizon^  or  which  never 
sets,  aad  observe  the  moments  of  ita  upper  and  lower  transits  across 
the  middle  wire  of  the  telescope,  if  we  find  the  two  semidiurnal 
portions  east  and  west  of  the  plane  described  by  the  telescope  to 
be  described  in  predtely  equal  times,  we  may  be  sure  that  plane  is 
the  meridian. 

(163.)  The  angular  intervals  measured  by  means  of  the  transit 
instTument  and  clock  are  arcs  of  the  equinoctial,  intercepted  be- 
tween circles  of  declination  passing  through  the  objects  observed ; 
and  their  measurement,  in  this  case,  is  peiibrmed  by  no  artificial 
graduation  of  circles,  but  by  the  help  of  the  earth's  diurnal  motion^ 
which  carries  equal  arcs  of  the  equinoctial  across  the  meridian,  in 
equal  times,  at  the  rate  of  16°  per  sidereal  hour.  In  all  other  cases, 
when  we  would  measure  angular  intervals,  it  is  necessary  to  have 
recourse  to  circles,  or  portions  of  circles,  constructed  of  metal  or 
other  finn  and  durable  material,  and  mechanically  subdivided  into 
equal  parts,  such  as  degrees,  minutes,  &c.  The  simplest  and 
most  obvious  mode  in  which  the  measurement  of  the  angular  inter- 
val between  two  directions  in  space  can  be  performed  ib  as  follows. 
Let  A  B  C  D  be  a  circle,  divided  into  360  degrees,  (nombered  in 
order  from  any  point  0°  in  the  circumference,  round  to  the  same 
point  again,)  and  connected  with  its  centre  by  spokes  or  rays  x,  y,  z, 
firmly  united  to  its  circumference  or  Umb.  At  the  centre  let  a  cir- 
cular hole  be  pierced,  in  which  shall  move  a  pivot  exactly  fitting 
it,  carrying  a  tube,  whose  axis,  ab,is  exactly  parallel  to  the  plane 
of  the  circle,  or  perpendicular  to  the  pivot ;  and  also  two  arms, 
m,  n,  at  right  angles  to  it,  Fif.  17. 

and  forming  one  piece  with 
the  tube  and  the  axis ;  so 

that  the  motion  of  the  axis  g 

on  the  centre  shall  cany  the 
tube  and  arms  smoothly 
round  the  cuvle,  to  be  ar- 
restee] and.fixed  at  any  point 
we  please,  by  a  contrivance 
called  a  clamp.    Suppose, 

DOW,  we  would  measure  the  angular  interval  between  two  fixed 
objects,  S,  T.  The  plane  of  the  circle  must  first  be  adjusted  so 
as  to  pass  through  them  both,  and  immoveably  fixed  and  main- 
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tained  in  that  position.  This  done,  let  the  aosU  abol  the  tube  be 
directed  to  one  of  them,  S,  and  clamped.  Then  vrill  a  mark  on 
the  ann  m  point  either  exactly  to  some  one  of  the  divisions  on 
the  timb,  or  between  two  of  them  adjacent.  In  the  former  case^ 
the  division  must  be  noted  as  the  reading  of  the  arm  m.  In  the 
latter,  the  fractional  part  of  one  whole  interval  between  the  con- 
secutive divisions  bj  which  the  mark  on  m  surpasses  die  last  infe- 
rior division  must  be  estimated  or  measured  bj  some  mechanical 
or  optical  means.  (See  art.  165.)  The  division  and  fractional 
part  thus  noted,  and  reduced  into  degrees,  minutes,  and  seconds, 
is  to  be  set  down  as  the  reading  of  the  Umb  corresponding  to  that 
position  of  the  tube  a  &,  where  it  points  to  the  object  S.  The 
same  must  then  be  done  for  the  object  T ;  the  tube  pointed  to  it, 
and  the  Umb  ^  read  ^,''  the  position  of  the  circle  remaining 
meanwhile  unaltered.  It  is  manifest,  then,  that,  if  ttie  lesser  of 
these  readings  be  subtracted  from  the  greater,  their  diffirence  will 
be  the  angular  interval  between  S  and  T,  as  seen  from  the  centre 
of  the  circle,  at  whatever  point  of  the  limb  the  commencement  of 
the  graduations  or  the  point  0^  be  situated. 

(164.)  The  very  same  result  will  be  obtained,  if,  instead  of 
making  the  tube  moveable  upon  the  circle,  we  connect  it  inva- 
riably with  the  latter,  and  make  both  revolve  together  on  an 
axis  concentric  with  the  circle,  and  forming  one  piece  with  it, 
working  in  a  hollow  formed  to  receive  and  fit  it  in  some  fixed 
support.  Such  a  combination  is  represented  in  section  in  the 
annexed  sketch.  T  is  the  tube  or  sight,  fastened,  at  p  p,  on  the 
circle  A  B,  whose  axis,  D,  works  in  the  solid  metallic  centring  E, 
Fig.  IS.  froiA  which  originates  an  arm,  F,  canying 

T at  its  extremity  an  index,  or  other  proper 

^^■■^■■■■■^■^■1^  mark,  to  poiot  out  and  read  off  the  exact 

^  MRftHf  y^    division  of  the  cirde  at  B,  the  point  close 

^1  \^/         ^^  *^-    '*  ^  evident  that,  as  the  telescope 

^  and  circle  revolve  through  any  angle,  the 

part  of  the  limb  of  the  latter,  which  by  such  revolution  is  carried 

past  the  index  F,  will  measure  the  angle  described.    This  is  the 

most  usual  mode  of  applying  divided  circles  in  astronomy. 

(165.)  The  index  F  may  either  be  a  simple  pointer,  like  a  clock 
hand  (fig.  a);  or  a  vernier  (^.  b) ;  or,  lastly,  a  compound  micro- 
scope {^g.  c),  represented  in  section  in  Jig.  d,  and  furnished  with 
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»  cross  in  the  common  focus  of  its  object  and  eye-glass,  move- 
able  by  a  fiae-tfareeded  sorew,  by  which  the  intersection  of  the 

Fig.  19. 


cross  may  be  brought  to  exact  coincidence  with  the  image  of  the 
nearest  of  the  divisions  of  the  circle  formed  in  the  focus  of  the 
oiiject  lens  upon  the  very  same  principle  with  that  explained,  art» 
157,  for  the  pointing  of  the  telescope,  only  that  here  the  fiducia) 
cross  is  made  moveable ;  and  by  the  turns  and  parts  of  a  turn  of 
the  screw  required  for  this  purpose  the  distance  of  that  division 
from  the  original  or  zero  point  of  the  microscope  may  be  estimated. 
This  £inq)le  but  delicate  contrivance  gives  to  the  reading  off  of  a 
circle  a  degree  of  accuracy  only  limited  by  the  power  of  the 
microscope,  and  the  perfection  with  which  a  screw  can  be  exe- 
cuted, and  places  the  subdivision  of  angles  on  the  same  footing 
•  of  optical  certainty  which  is  introduced  into  their  measurement  by 
the  use  of  the  telescope. 

(166.)  The  exactness  of  the  result  thus  obtained  must  depend^ 
1st,  on  the  precision  with  which  the  tube  a  &  can  be  pointed  to  the 
objects ;;  2dly,  on  |he  accuracy  of  graduation  of  the  limb ;  Sdly^ 
on  the  accuracy  with  which  the  subdivision  of  the  intervals 
between  any  two  consecutive  graduations  can  be  performed.  The 
mode  of  accomplishing  the  latter  object  with  any  required  exact- 
ness has  been  explained  in  the  last  article.  With  regard  to  the 
g^duation  of  the  limb,  being  merely  of  a  mechanical  nature,  we 
shall  pass  it  without  remark,  further  than  this,  that,  in  the  present 
state  of  instrument-making,  the  amount  of  error  from  this  source 
of  inaccuracy  is  reduced  within  very  narrow  limits  indeed.*  With 
regard  to  the  first,  it  must  be  obvious  that,  if  the  sights  a  &  be 

*  In  the  giMt  Ertel  dsele  tt  Ptdkova,  the  probftble  amoimt  of  the  accidental 
emnr  of  divuton  is  stoted  hy  M.  Strave  not  to  oxceed  O^'SSi.  Deec  de  TObiL  oen- 
tnle  da  PuIkoTa,  p.  147. 
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nothing  more  than  simple  crosses,  or  pin-holes  at  the  ends  of  a 
hoUow  tube,  or  an  eye-bole  at  one  end,  and  a  cross  at  the  other, 
no  greater  nicety  in  pointing  can  be  expected  than  what  simple 
vision  with  the  naked  eye  can  command.  But  if,  in  place  of  these 
simple  but  coarse  contrivances,  the  tube  itself  be  converted  into  a 
telescope^  having  an  object-glass  at  6,  an  eye-piece  at  a,  and  a  fidu- 
cial cross  in  their  common  focus,  as  explained  in  art.  157 ;  and 
if  the  motion  of  the  tube  on  the  limb  of  the  circle  be  arrested 
when  the  object  is  brought  just  into  coincidence  with  the  inter- 
sectional  point  of  that  cross,  it  is  evident  that  a  greater  degree  of 
exactness  may  be  attained  in  the  pointing  of  the  tube  than  by  the 
unassisted  eye,  in  proportion  to  the  magnifying  power  and  distinct- 
ness of  the  telescope  used. 

(167.)  The  simplest  mode  in  which  the  measurement  of  an 
angular  interval  can  be  executed,  is  what  we  have  just  described ; 
but,  in  strictness,  this  mode  is  applicable  only  to  terrestrial  angles, 
such  as  those  occupied  on  the  sensible  horizon  by  the  objects 
which  surround  our  station,— because  these  only  remain  stationary 
during  the  interval  while  the  telescope  is  shifted  on  the  limb  from 
one  object  to  the  other.  But  the  diurnal  motion  of  the  heavens, 
by  destroying  this  essential  condition,  renders  the  direct  measure- 
ment of  angular  distance  from  object  to  object  by  this  means  impos- 
sible. The  same  objection,  however,  does  not  apply  if  we  seek 
only  to  determine  the  interval  between  the  diurnal  circles  described 
by  any  two  celestial  objects.  Suppose  every  star,  in  its  diurnal 
revolution,  were  to  leave  behind  it  a  visible  trace  in  the  heavens, 
—a  fine  line  of  light,  for  instance, — then  a  telescope  once  pointed 
to  a  star,  so  as  to  have  its  image  brought  to  coincidence  with  the 
intersection  of  the  wires,  would  constandy  remain  pointed  to  some 
portion  or  other  of  this  Ime,  which  would  therefore  continue  to 
appear  in  its  field  as  a  luminous  line,  permanently  intersecting  the 
same  point,  till  the  star  came  round  again.  From  one  such  line 
to  another  the  telescope  might  be  shifted,  at  leisure,  without  error ; 
and  then  the  angular  interval  between  the  two  diurnal  circles,  in 
the  plane  of  the  telescope^s  rotation,  might  be  measured.  Now, 
though  we  cannot  see  the  path  of  a  star  in  the  heavens,  we  can 
v>aU  till  the  star  itself  crosses  the  field  of  view,  and  seize  the 
moment  of  its  passage  to  place  the  intersection  of  its  wires  so  that 
the  star  shall  traverse  it ;  by  which,  when  the  telescope  is  well 
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.  elampedi  we  equally  well  secure  the  position  of  its  diurnal  circle 
as  if  we  continued  to  see  it  ever  so  long.  The  reading  off  of  the 
limh  may  then  be  performed  at  leisure ;  and  when  another  star 
comes  round  into  the  plane  of  the  circle,  we  may  unclamp  the 

.  telescope,  and  a  similar  observation  will  enable  us  to  assign  the 
place  of  its  diurnal  circle  on  the  limb :  and  the  obserrations  may 
be  repeated  alternately,  every  day,  as  the  stars  pass,  till  we  are 
satisfied  with  their  result. 

(168.)  This  is  the  principle  of  the  mural  circle,  which  is  nothing 
more  than  such  a  circle  as  we  have  described  in  art.  163,  firmly 
supported,  in  die  plane  of  the  meridian,  on  a  long  and  powerful 
horizontal  axis.  This  axis  is  let  into  a  massive  pier,  or  wall,  of 
stone  (whence  the  name  of  the  instrument),  and  so  secured  by 
screws  as  to  be  capable  of  adjustment  both  in  a  vertical  and  hori- 
zontal direction ;  so  that,  like  the  axis  of  the  transit,  it  can  be 
maintained^  in  the  exact  direction  of  the  east  and  west  points  of 
the  horizon,  the  plane  of  the  circle  being  consequently  truly 
meridional.    - 

(169.)  The  meridian,  being  at  right  angles  to  all  the  diurnal 
circles  described  by  the  stars,  its  arc  intercepted  between  any  two 
of  them  will  measure  the  least  distahce  between  these  circles,  and 
will  be  equal  to  the  difference  of  the  declinations,  as  also  to  the 
difference  of  the  meridian  aUUudes  of  the  objects — at  least  when 
corrected  for  refraction.  These  differences,  then,  are  the  angular 
intervals  directly  measured  by  the  mural  circle.  But  fi-om  these, 
supposing  the  law  and  amount  of  refraction  known,  it  is  easy  to 
conclude,  not  their  difierences  only,  but  the  quantities  themselveS| 
as  we  shall  now  explain. 

(170.)  The  declination  of  a  heavenly  body  is  the  complement 
of  its  distance  from  the  pole.  The  pole,  being  a  point  in  the 
meridian,  might  be  directly  observed  on  the  limb  of  the  circle,  if 
any  star  stood  exactly  therein ;  and  thence  the  jpolar  distances^  and, 
of  course,  the  declinations  of  all  the  rest,  might  be  at  once  deter- 
mined. But  this  not  being  the  case,  a  bright  star  as  near  the  pole 
as  can  be  found  is  selected,  and  observed  in  its  upper  and  hwer 
culminations ;  that  is,  when  it  passes  the  meridian  above  and  helcw 
the  pole.  Now,  as  its  distance  from  the  pole  remains  the  same, 
the  difference  of  reading  off  the  circle  in  the  two  cases  is,  of 
course  (when  corrected  for  refraction),  equal  to  twice  the  polar 
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distaoce  of  the  star ;  the  arc  intercepted  on  the  limb  of  the  cirde 
being,  in  this  case,  equal  to  the  angular  diameter  of  the  star's 
diurnal  circle.  In  the  annexed  diagram,  H  P  0  represents  the 
celestial  meridian,  P  the  pole,  B  R,  A  Q,  G  D  the  diurnal  circles 
of  stars  which  arrive  on  the  meridian  at  B,  A,  and  C  in  their  upper 
Fig.  20.  &Dd  at  Ry  Q,  D  in  their  lower  culmi- 

nations, of  which  D  and  Q  happen 
above  the  horizon  HO.  P  is  the 
pole;  and  if  we  suppose. i/io  to  be 
the  mural  circle,  having  S  for  its  cen«- 
tT^fb  acpd  will  be  the  points  on  its 
circumference  corresponding  to  B  A 
C  P  D  in  the  heavens.  Now  the  arcs 
A  a,  &  c,  &  d,  and  c  ct  are  given  im- 
mediatelj  by  observation ;  and  since 
G  P  a  p  D,  we  have  aliio  c/mp d, 
and  each  of  them  ^  ^  cdj  consequently  the  place  of  the  polar 
painty  as  it  is  called,  upon  the  limb  of  the  circle  becomes  known, 
and  the  arcs  pb^pa^pc^  which  represent  on  the  circle  the  polar 
distanoes  required,  become  also  known. 

(171.)  The  s^uation  of  the  pole  star,  which  is  a  very  brilliant 
one,  is  eminently  favourable  for  this  purpose,  bemg  only  about  a 
degree  and  a  half  from  the  pole ;  it  is,  therefore,  the  star  usually 
and  almost  solely  chosen  for  this  important  purpose;  the  more 
especially  because,  both  its  culminations  takmg  place  at  great 
and  not  very  difierent  altitudes,  the  refhictions  by  which  they  are 
affected  are  of  small  amount,  and  differ  but  slightly  from  each 
other,  80  that  their  correction  is  easily  and  safely  applied.  The 
brightness  of  the  pole  star,  too,  allows  it  to  be  easily  observed  in 
the  daytime.  In  consequence  of  these  peculiarities,  this  star  is 
one  of  constant  resort  with  astronomers  for  the  adjustment  and 
verification  of  instruments  of  almost  every  description.  In  the 
case  of  the  transit,  for  instance,  it  furnishes  an  excellent  object  for 
the  application  of  the  method  of  testing  the  meridional  situation  of 
the  instrument  described  in  act.  162,  in  &ct,  the  most  advanta- 
geous  of  any  for  that  purpose,  owing  to  its  being  the  most  remote 
from  the  zenith,  at  its  upper  culmination,  of  all  bright  stars  observ- 
able both  above  and  below  the  pole. 
(172.)  The  place  of  thepoto*  point  on  the  limb  of  the  mural 
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circle  once  determined,  becomes  an  origin,  or  zero  point,  from 
which  the  polar  distances  of  ail  objects,  referred  to  other  points 
on  the  same  limb,  reckon.  It  matters  not  whether  the  actual  con^ 
mencement  0^  of  the  graduatbns  stand  there,  or  not;  since  it  is 
only  by  die  differences  of  the  readings  that  the  arcs  on  the  limb  are 
determined ;  and  henoe  a  great  advantage  is  obtained  in  the  power 
of  commencing  anew  a  fresh  series  of  observations,  in  which  a 
difierent  part  of  the  circumference  of  the  circle  shall  be  employed, 
and  difierent  graduations  brought  into  use,  by  which  inequalities 
of  division  may  be  detected  and  neutralized.  This  is  accomplished 
practically  by  detaching  the  telescope  from  its  old  bearings  on  die 
circle,  and  fixing  it  afreah,  by  screws  or  clamps,  on  a  difierent  part 
of  the  circumference. 

(173.)  A  point  on  the  limb  of  the  mural  circle,  not  less  important 
than  the  fciar  painty  is  the  harizonial  pointy  which,  being  once 
known,  becomes  in  like  manner  an  origin,  or  zero  point,  from 
which  altitudes  are  reckoned.  The  principle  of  its  determination 
is  ultimately  neariy  the  same  with  that  of  the  polar  point.  As  no 
star  exists  in  the  celestial  horizon,  the  observer  must  seek  to  de« 
termine  two  points  on  the  limb,  the  one  of  which  shall  be  precisely 
as  far  below  the  horizontal  point  as  the  other  is  above  it.  For  this 
purpose,  a  star  is  observed  at  its  culmination  on  one  night,  by 
pointing  the  telescope  directly  to  it,  and  the  next,  by  pointing  to 
the  image  of  the  same  star  reflected  in  the  still,  unruf9ed  surface  of 
a  fluid  at  perfect  rest.  Mercury,  as  the  most  reflective  fluid  known, 
is  generally  chosen  for  that  use.  As  the  surface  of  a  fluid  nt  rest 
is  necessarily  horizontal,  and  as  the  angle  of  reflection,  by  the 
laws  of  optics,  is  equal  to  that  of  incidence,  this  ima^  will  be 
just  as  much  depressed  below  the  horizon  as  the  star  itself  is  above 
it  (allowing  for  the  difierence  of  refraction  at  the  moments  of  obser- 
vation). I'he  arc  intercepted  on  the  limb  of  the  circle  between 
the  star  and  its  reflected  image  thus  consecutively  observed,  when 
corrected  for  refraction,  is  the  double  altitude  of  the  star,  and  its 
point  of  bisection  the  horizontal  point.  Hie  reflecting  surface  of 
a  fluid  so  used  for  the  determination  of  the  altitudes  of  objects  is 
called  an  art^cial  horizon.* 

*  By  a  peculiar  and  delicate  manipulation  and  management  of  the  letting,  bisec- 
tam,  and  leading  off  of  the  dreie,  aided  by  th*  oae  of  a  moreaUe  hodsontal  mieior 
■wtio  inie  in  the  fbew  of  the  ob^ae^glaM,  it  ia  leand  practicable  to  obeerro  a  tkm 
numng  atar  (aa  the  pole  star)  on  one  and  tht  tame  nigkif  both  by  reflectioB  aad 
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(174.)  The  mural  circle  is,  in  fact,  at  the  same  time,  a  transit 
instrument ;  and,  if  furnished  with  a  proper  system  of  vertical 
wires  in  the  focus  of  its  telescope,  may  be  used  as  such.  As  the 
axis,  however,  is  only  supported  at  one  end,  it  has  not  the  strength 
and  permanence  necessary  for  the  more  delicate  purposes  of  a 
transit;  nor  can  it  be  verified,  as  a  transit  may,  by  the  reversal  of 
the  two  ends  of  its  axis,  east  for  west.  Nothing,  however,  prer 
vents  a  divided  circle  being  permanently  fastened  on  the  axis  of  a 
transit  instrument,  either  near  to  one  of  its  extremities,  or  close  jto 
the  telescope,  so  as  to  revolve  with  it,  the  reading  off  being  per- 
formed, by  one  or  more  microscopes  fixed  on  one  of  its  piers. 
Such  an  instrument  is  called  a  transit  cibcle,  or  a  mebuoian 
CIRCLE,  and  serves  for  the  simultaneous  determination  of  the  right 
ascensions  and  polar  distances  of  objects  observed  with  it ;  the 
time  of  transit  being  noted  by  the  clock,  and  the  circle  being  read 
off  by  the  lateral  microscopes.  There  is  much  advantage,  when 
extensive  catalogues  of  small  stars  have  to  be  formed,  in  this 
simultaneous  determination  of  both  their  celestial  co-ordinates :  to 
which  may  be  added  the  facility  of  applying  to  the  meridian  circle 
a  tele^ope  of  any  length  and  optical  power.  The  construction  of 
the  mural  circle  renders  this  highly  inconvenient,  and  indeed 
impracticable  beyond  very  moderate  limits. 

(175.)  The  determination  of  the  horizontal  point  on  the  limb 
of  an  instrument  is  of  such  essential  importance  in  astronomy,  that 
the  student  should  be  made  acquainted  with  every  means  employed 
for  this  purpose.  These  are,  the  artificial  horizon,  the  plumb-line, 
the  level,  and  the  collimator.  The  artificial  horizon  has  been 
already  explained.  The  plumb-line  is  a  fine  thread  or  wire,  to 
which  is  suspended  a  weight,  whose  oscillations  are  impeded  and 
quickly  reduced  to  rest  by  plunging  it  in  water.  The  direction 
ultimately  assumed  by  such  a  line,  admiUir^  its  perfect  JkxibUiiyy 
is  that  of  gravity,  or  perpendicular  to  the  surface  of  still  water. 
Its  application  to  the  purposes  of  astronomy  is,,  however,  so  deli- 
cate, and  difficult,  and  liable  to  error,  unless  extraordinary  pre- 
cautions are  taken  in  its  use,  that  it  is  at  present  almost  universally 
abandoned,  for  the  more  convenient,  and  equally  exact  instrument 
the  kveL 

direct  Tuioii,  fluffidentiy  near  to  either  cdminatkm  to  gire  tlie  kornsootal  pomty 
without  rieking  th6  change  of  refiaction  in  twenty-firar  hoon ;  so  that  thia  aoime 
of  eiror  ia  thna  completely  elimimted. 
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(176.)  The  lere)  is  a  glass  tabe  nearij  filled  with  a  liquid, 

(spirit  of  wine,  or  sulphuric  ether,  being  those  now  generally 

Fig.  21. 


ased,  on  account  of  their  extreme  molrilUy,  and  not  being  liable 
to  freeze,)  the  bubble  in  which,  when  the  tube  is  placed  horizon- 
tally, would  rest  indifferently  in  any  part  if  the  tube  could  be  mathe- 
matically straight.    But  that  being  impossible  to  execute,  and 
every  tube  having  some  slight  curvature ;  if  the  convex  side  be 
placed  upwards  the  bubble  will  occupy  the  higher  part,  as  in  the 
figure  (where  the  curvature  is  purposely  exaggerated).    Suppose 
such  a  tube,  as  A  B,  firmly  fastened  on  a  straight  bar,  C  D,  and 
marked  at  a  &,  two  points  distant  by  the  length  of  the  bubble ; 
then,  if  the  instrument  be  so  placed  that  the  bubble  shall  occupy 
this  interval,  it  is  clear  that  G  D  can  have  no  other  than  one  definite 
inclination  to  the  horizon ;  because,  were  it  ever  so  little  moved 
one  way  or  other,  the  bubble  would  shift  its  place,  and  run  towards 
the  elevated  side.    Suppose,  now,  that  we  would  ascertain  whether 
any  given  line  P  Q  be  horizontal ;  let  the  base  of  the  level  C  D 
be  set  upon  it,  and  note  the  points  a  (,  between  which  tbe  bubble 
is  exactly  contained ;  then  turn  the  level  end  for  end,  so  that  C 
shall  rest  on  Q,  and  D  on  P.     If  then  the  bubble  continue  to 
\  occupy  the  same  place  between  a  and  (,  it  is  evident  that  P  Q  can 
be  no  otherwise  than  horizontal.    If  not,  the  side  towards  which 
the  bubble  runs  is  highest,  and  must  be  lowered.     Astronomical 
levels  are  furnished  with  a  divided  scale,  by  which  the  places  of 
tbe.  ends  of  the  bubble  can  be  nicely  marked ;  and  it  is  said  that 
they  can  be  executed  with  such  delicacy,  as  to  indicate  a  single 
second  of  angular  deviation  fi-om  exact  horizontality.     In  such 
levels  accident  is  not  trusted  to,  to  give  the  requisite  curvature. 
They  are  ground  and  polished  internally  by  peculiar  mechanical 
processes  of  great  delicacy. 

(177.)  The  mode  in  which  a  level  may  be  applied  to  find  the 
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horizontal  point  on  the  limb  of  a  vertical  divided  circle  may  be 
thus  explained :  Let  A  B  be  a  telescope  firmly  fixed  to  such  a 
circle,  D  E  F,  and  moveable  in  one  with  it  on  a  horizontal  axis 

C,  which  must  be  like  that  of  a 
transit,  susceptible  of  reversal  (see 
art.  161),  and  with  which  the  circle 
is  inseparably  connected.  Direct 
the  telescope  on  some  distant  well- 
defined  object  S,  and  bisect  it  by 
its  horizontal  wire,  and  in  this  posi- 
tion damp  it  fast  Let  L  be  a  level 
fastened  at  right  angles  to  an  arm, 
L  EF,  furnished  with  a  microscope, 
or  vernier  at  F,  and,  if  we  please, 
r  another  at  E.    Let  this  arm  be  fitted 

by  grinding  on  the  axis  C,  but  capable  of  moving  smoothly  on  it 
without  carrying  it  round,  and  also  of  being  clamped  fast  on  it,  so 
as  to  prevent  it  from  moving  nntil  required.  While  the  telescope 
is  kept  fixed  on  the  object  S,  let  the  level  be  set  so  as  to  bring  its 
bubble  to  the  marks  a  &,  and  clamp  it  there.  Then  will  the  arm 
L  C  F  have  some  certain  determinate  inclination  (no  matter  what) 
to  the  horizon*  In  this  position  let  the  circle  be  read  olSf  at  F, 
and  then  let  the  whole  apparatus  be  resersed  by  turning  its  hori- 
zontal  axis  end  for  end,  without  itnclamping  the  le^d  arm  from 
the  axis.  This  done,  by  the  motion  of  the  whole  instrument  (level 
and  all)  on  its  axis,  restore  the  level  to  its  horizontal  position  with 
the  bubble  at  a  b.  Then  we  are  sure  that  the  telescope  has  now 
the  same  inclination  to  the  horizon  the  other  imy^  that  it  had  when 
pointed  to  S,  and  the  reading  off  at  F  will  not  have  been  changed* 
Now  unclamp  the  level,  and,  keeping  it  nearly  horizontal,  turn 
round  the  circle  on  the  axis,  so  as  to  carry  back  the  telescope 
through  the  zenith  to  S,  and  in  that  position  clamp  the  circle  and 
telescope  fast.  Then  it  is  evident  that  an  angle  equal  to  twice 
the  zenith  distance  of  S  has  been  moved  over  by  the  axis  of  the 
telescope  from  its  last  position.  Lastly,  without  unclamping  the 
telescope  and  circle,  let  the  level  be  once  more  rectified.  Then 
will  the  arm  L  E  F  once  more  assume  the  same  definite  position 
with  respect  to  the  horizon ;  and,  consequently,  if  the  circle  be 
again  read  off,  the  difference  between  thin  and  (he  previous  reading 
must  measure  the  arc  of  its  circumference  which  has  passed  under 
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die  point  F,  which  may  be  considered  as  ba?ing  all  the  while 
retained  an  invariable  position.  This  difierencey  then,  will  be  the 
doable  zenith  distance  of  S,  and  its  half  will  be  the  zenith  distance 
simply,  the-complement  of  which  is  its  altitude.  Thus  the  altitude 
corresponding  to  a  given  reading  of  the  limb  becomes  known,  or, 
in  other  words,  the  horizontal  point  on  the  limb  is  ascertained. 
Circuitous  as  this  process  may  appear,  there  is  no  other  mode  of 
employing  the  level  for  this  purpose  which  does  not  in  the  end 
come  to  the  same  thing.  Most  commonly,  however,  the  level  is 
used  as  a  mere  fiducial  reference,  to  preserve  a  horizontal  point 
once  well  determined  by  other  means,  which  is  done  by  adjusting 
it  so  as  to  stand  level  when  the  telescope  is  truly  horizontal,  and 
thus  leaving  it,  depending  on  the  permanence  of  its  adjustment 

(178.)  The  last,  but  probably  not  the  least  exact,  as  it  certainly 
is,  in  innumerable  cases,  the  most  convenient  means  of  ascertaining 
the  /unisarUal  poin^,  is  that  aflforded  by  the  floating  collimator,  an 
invention  of  Captain  Kater,  but  of  which  the  optical  principle  was 
first  employed  by  Rittenhouse,  in  1785,  for  the  purpose  of  fixing 
a  definite  direction  in  space  by  the  emergence  of  parallel  rays  from 
a  material  object  placed  in  the  focus  of  a  fixed  lens.  This  elegant 
instrument  is  nothing  more  than  a  small  telescope  furnbhed  with  a 
eT08»-wire  in  its  focus,  and  fastened  horizontally,  or  as  nearly  so 
as  may  be,  on  a  flat  iron  fioat^  which  is  made  to  swim  on  mer- 
cnry,  and  which,  of  course,  will,  when  left  to  itself,  assume  always 
one  and  the  same  invariable  inclination  to  the  horizon.  If  the 
cross-wires  of  the  collimator  be  illuminated  by  a  lamp,  bemg  in 

Fig.  38. 


the  focus  of  its  object-glass,  the  rays  from  them  will  issue  parallel, 
and  will  therefore  be  in  a  fit  state  to  be  brought  to  a  focus  by  the 
object-glass  of  any  other  telescope,  in  which  they  will  form  an 
image  as  if  they  camejrom  a  celestial  ob/eci  in  their  directum^  i.  e* 
at  an  altitude  equal  to  their  mclination.  Thus  the  intersection  of 
the  cross  of  the  collimator  mayj^ie  observed  a$  if  it  wen  a  $tar^ 
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Fig.  24. 


and  that,  however  near  the  two  telescopes  are  to  each  other.  By 
transferring  then,  the  collimator  still  floating  on  a  vessel  of  mer- 
cury from  the  one  side  to  the  other  of  a  circle,  we  are  furnished 
with  two  quasi'Celestial  objects,  at  precisely  equal  altitudes,  on 
opposite  sides  of  the  centre  ;  and  if  these  be  observed  in  succes- 
sion with  the  telescope  of  the  circle,  bringing  its  cross  to  bisect 
the  image  of  the  cross  of  the  collimator  (for  which  end  the  wires 
of  the  latter  cross  are  purposely  set  45^  inclined  to  the  horizon), 
the  difierence  of  the  readings  on  its  limb  will  be  twice  the  zenith 
distance  of  either ;  whence,  as  in  the  last  article,  the  horizontal  or 
zenith  point  is  immediately  determined.  Another,  and,  in  many 
respects,  preferable  form  of  the  floating  collimator,  in  which  the 
telescope  is  vertical^  and  whereby  the  zenith  point  is  directly  ascer- 
tained, is  described  in  the  Phil.  Trans.  1828,  p.  257,  by  the  same 
author. 

(179.)  By  far  the  neatest  and  most  delicate  application  of  the 
principle  of  coUimation  of  Rittenhouse,  however,  is  suggested  by 

Benzenberg,  which  affords  at  once, 
and  by  a  single  observation,  an  exact 
knowledge  of  the  nadir  point  of  aii 
astronomical  circle.  In  this  combi- 
nation, the  telescope  of  the  circle  is 
its  own  collimator.  The  object  ob- 
served is  the  central  intersectional 
cross  of  the  wires  in  its  own  focus 
reflected  in  mercury.  A  strong  illu- 
mination being  thrown  upon  the  sys- 
tem of  wires  (art.  160),  by  a  lateral 
lamp,  the  telescope  of  the  instrument 
is  directed  vertically  downwards  to- 
wards the  surface  of  the  mercury,  as 
in  the  figure  annexed.  The  rays 
diverging  from  the  wires  issue  in 
parallel  pencils  from  the  object-glass, 
are  incident  on  the  mercury,  and  are 
thence  reflected  back  (without  losing  their  parallel  character)  to 
the  object-glass,  which  is  therefore  enabled  to  collect  them  again 
in  its  focus.  Thus  is  formed  a  reflected  image  of  the  system  of 
cross-wires,  which,  when  brought  by  the  slow  motion  of  the  tele- 
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scope  to  exact  coincidence  (intersection  npon  intersection)  with  the 
real  system  as  seen  in  the  eye-piece  of  the  instrament^  indicates 
the  precise  and  rigoroas  verticality  of  the  optical  axis  of  the  tele- 
scope when  directed  to  the  nadir  point. 

(180.)  The  transit  and  mqral  circle  are  essentially  meridian 
instramentSy  being  used  only  to  observe  the  stars  at  the  moment 
of  their  meridian  passage.  Independent  of  this  being  the  most 
fiiTOurable  moment  for  seeing  them,  it  is  that  in  which  their  diur* 
nal  motion  is  parallel  to  the  horizon.  It  is  therefore  easier  at  this 
time  than  it  coutd  be  at  any  other,  to  place  the  telescope  exactly 
in  their  true  direction ;  since  their  apparent  course  in  the  field  of 
view  being  parallel  to  the  horizontal  thread  of  the  system  of  wires 
therein,  they  may,  by  giving  a  fine  motion  to  the  telescope,  be 
brought  to  exact  coincidence  with  it,  and  time  may  be  allowed  to 
examine  and  correct  this  coincidence,  if  not  at  first  accurately  bit^ 
which  is  the  case  in  no  other  situation.  Generally  speaking,  all 
angular  magnitudes  which  it  is  of  importance  to  ascertain  exactly, 
diould,  if  possible,  be  observed  at  their  maxima  or  minima  of 
increase  or  diminution ;  because  at  these  points  they  remain  not 
perceptibly  changed  during  a  time  long  enough  to  complete,  and 
even,  in  many  cases,  to  repeat  and  verify,  our  observations  in  a 
careful  and  leisurely  manner.  The  angle  which,  in  the  case  before 
us,  is  in  this  predicament,  is  the  altitude  of  the  star,  which  attains 
its  maximum  or  minimum  on  the  meridian,  and  which  is  measured 
on  the  limb  of  the  mural  circle. 

(181.)  The  purposes  of  astronomy,  however,  require  that  an 
observer  should  possess  the  means  of  observing  any  object  not 
directly  on  the  meridian,  but  at  any  point  of  its  diurnal  course,  or 
whereyer  it  may  present  itself  in  the  heavens.  Now,  a  point  in 
the  sphere  is  determined  by  reference  to  two  great  circles  at  right 
an^es  to  each  other;  or  of  two  circles,  one  of  which  passes  through 
the  pole  of  the  other.  These,  in 'the  language  of  geometry,  are 
ahordinates  by  which  its  situation  is  ascertained :  for  instance, — 
on  the  earth,  a  place  is  knowt  if  we  know  its  longitude  and  lati- 
tude ; — in  the  starry  heavens,  if  we  know  its  right  ascension  and 
declination ; — in  the  risible  hemisphere,  if  we  know  its  azimuth 
and  altitude,  &c. 

(182.)  To  observe  an  object  at  any  point  of  its  diurnal  course, 
we  must  possess  the  means  of  directing  a  telescope  to  it ;  which. 
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therefore,  must  be  capable  oS  motion  in  two  plues  at  right  angiei 
to  each  other ;  and  the  amount  of  ita  angular  motion  in  each  must 
be  measured  on  two  circles  co-ordinaU  to  each  other,  whose  planes 
must  be  parallel  to  those  in  which  the  telescope  moves.  The 
practical  accomplishment  of  this  condition  is  e&cted  by  making 
the  axis  of  one  of  the  circles  penetrate  that  of  the  other  at  right 
angles.  The  pierced  axis  turns  on  fixed  supports,  while  the  otbet 
has  no  connection  with  any  external  support,  but  is  sustained 
entirely  by  that  which  it  penetrates,  which  is  strengthened  and 
enlarged  at  the  point  of  penetration  to  receive  it.  The  annexed 
figure  exhibits  the  simplest  form  of  such  a  combinaliou,  though 
veiy  far  indeed  from  the  best  in  point  of  mechanism.  The  two 
circles  are  read  i^hj  yemiers,  or  microscopes;  the  one  attached 
to  the  fixed  support  which  carries  the  principal  axis,  the  olher  to 
an  arm  projecting  from  that  axis.  Both  circles  also  are  susceptible 
of  being  clamped,  thd  clamps  being  attached  to  the  same  ullimatt 
bearing  with  which  the  apparatus  for  reading  ofi'ia  connected. 

(183.)  It  is  manifest  that  such  a  combination,  howerer  ita  prio- 
eijMl  axis  be  pointed  (provided  that  its  direction  be  invariable), 
Fig.  33.  will  enable  us  to  ascertain  the  situalioo 

-n  of  any  object  with  respect  to  the  ob- 

server's station,  by  angles  recltoned 
upm  two  great  circles  in  the  visible 
hemisphere,  one  of  which  has  for  its 
poles  the  prolongations  of  the  princi- 
pal axis  or  the  vanishii^  points  of  a 
system  of  lines  parallel  to  it,  and  the 
other  passes   always  through   these 
poles:  for  the  former  great  circle  is 
the  vanishing  line  of  alt  planes  parallel 
to  the  circle  A  B,  while  the  latter,  is 
I  any  position  of  the  instrament,  is  the 
vanishing  line  of  all  the  planes  pandid 
to  the  circle  G  H ;  and  these  two  planes 
heiog,  by  the  construelion  of  the  instrument,  at  right  angles,  the 
great  circles,  which  are  their  vanishing  lines,  most  be  so  too. 
Now,  if  two  great  circles  of  a  sphere  be  at  right  angles  to  each 
other,  tbe  one  will  always  pass  through  the  other's  poles. 

(184.)  There  are,  however,  but  two  positions  in  which  such  an 
apparatus  can  be  mounted  so  as  to  be  of  any  practical  utility  in 
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astronomj.  The  first  is,  when  the  principal  axis  C  D  is  parallel 
to  Ihe  earth's  axis,  and  therefore  points  to  the  poles  of  the  heavens 
which  are  the  vanishing  points  of  all  lines  in  this  system  of  parallels; 
and  when,  of  couiae,  the  plane  of  the  circle  A  B  is  parallel  to  the 
earth's  equator,  and  therefore  has  the  equinoctial  for  its  vanishing 
circle,  and  measures,  by  its  arcs  read  off,  hour  angles,  or  diflerences 
of  right  ascension.  In  this  case,  the  great  circles  in  the  heavenSi 
corresponding  to  the  various  positions,  which  the  circle  G  H  can 
be  made  to  assume,  by  the  rotation  6f  the  instrument  round  its 
axis  C  D,  are  all  hour-circles;  and  the  arcs  read  off  on  this  circle 
wOI  be  declinations,  or  polar  distances,  or  their  difierences. 

(185.)  In  this  position  the  apparatus  assumes  the  name  of  an 
equatorial,  or,  as  it  was  formerly  called,  a  parallacHe  instrument 
It  is  a  most  convenient  instrument  for  all  such  observations  as  re* 
quire  an  object  to  be  kept  long  in  view,  because,  being  once  set 
upon  the  object,  it  can  be  followed  as  long  as  we  please  by  a 
nngk  moiionj  i.  e.  by  merely  tumug  the  whole  apparatus  round 
on  its  polar  axis.  For  since,  when  the  telescope  is  set  on  a  star, 
the  angle  between  its  direction  and  that  of  the  polar  axis  is  equal 
to  the  polar  distance  of  the  star,  it  follows,  that  when  turned  about 
its  axis,  without  altering  the  position  of  the  telescope  on  the  circle 
G  H,  the  point  to  which  it  is  directed  will  always  lie  in  the  small 
circle  of  the  heavens  coincident  with  the  star's  diurnal  path.  In 
many  observations  this  is  an  inestimable  advantage,  and  one 
which  belongs  to  no  other  instrument.  The  equatorial  is  also 
used  for  determining  the  place  of  an  unknown  by  comparison 
with  that  of  a  known  object,  in  a  manner  to  be  described  in  the 
fifth  chapter.  The  adjustments  of  the  equatorial  are  somewhat 
complicated  and  difficult.  They  are  best  performed  in  this  man* 
ner : — Ist,  Follow  the  pole  star  round  its  whole  diurnal  course, 
by  which  it  will  become  evident  whether  the  polar  axis  is  directed 
above  or  below,  to  the  right  or  to  the  left,  of  the  true  pole, — and 
correct  it  accordingly  (without  any  attempt,  during  this  process,  to 
correct  the  errors,  if  any,  in  the  position  of  the  declination  axis). 
2dly,  after  the  polar  axis  is  thus  brought  into  adjustment,  place 
the  plane  of  the  declination  circle  in  or  near  the  meridian ;  and, 
having  there  secured  it,  observe  the  transits  of  several  known 
stars  of  widely  different  declinations.  If  the  intervals  between 
these  transits  correspond  to  the  known  differences  of  right  ascen- 
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sions  of  the  stars,  we  may  be  sure  that  the  telescope  describes  a 
true  meridian,  and  that,  therefore,  the  declination  axis  is  truly 
perpendicular  to  the  polar  one  ;-^if  not,  the  deviation  of  the  inter- 
vals from  this  law  will  indicate  the  direction  and  amount  of  the 
deviation  of  the  axis  in  question,  and  enable  us  to  correct  it* 

(186.)  A  very  great  improvement  has,  within  a  few  years  from 
the  present  time,  been  introduced  into  the  construction  of  the 
equatorial  instrument.  It  consists  in  applying  a  clockwork  move- 
ment to  turn  the  whole  instniment  round  upon  its  polar  axis,  and 
so  to  follow  the  diurnal  motion  of  any  celestial  object,  with- 
out the  necessity  of  the  observer's  manual  intervention.  The 
driving  power  is  the  descent  of  a  weight  which  communicates 
motion  to  a  train  of  wheelwork,  and  thus,  ultimately,  to  the  polar 
axis,  while,  at  the  same  time,  its  too  swift  descent  is  controlled 
and  regulated  to  the  exact  and  uniform  rate  required  to  give  that 
axis  one  turn  in  24  hours,  by  connecting  it  with  a  regulating 
clock,  or  (which  is  found  preferable  in  practice)  by  exhausting  all  the 
saperj3uous  energy  of  the  driving  power,  by  causing  it  to  overcome  a 
regulated  friction.  Artists  have  thus  succeeded  in  obtaining  a 
perfectly  smooth,  uniform,  and  regulable  motion,  which,  when  so 
applied,  serves  to  retain  any  object  on  which  the  telescope  may  be 
set,  commodiously,  in  the  centre  of  the  field  of  view  for  whole 
hours  in  succession,  leaving  the  attention  of  the  observer  undis* 
tracted  by  having  a  mechanical  >movement  to  direct,  and  with  both 
his  hands  at  Uberty. 

(187.)  The  other  position  in  which  such  a  compound  apparatus 
as  we  have  described  in  art.  182,  may  be  advantageously  mounted, 
is  that  in  which  the  principal  axis  occupies  a  vertical  position,  and 
the  one  circle,  A  B,  consequently  corresponds  to  the  celestial 
horizon,  and  the  other,  G  H,  to  a  vertical  circle  of  the  heavens. 
The  angles  measured  on  the  former  are  therefore  azimuths^  or 
differences  of  azimuth,  and  those  of  the  latter  zenith  distances,  or 
altitudes,  according  as  the  graduation  commences  from  the  upper 
point  of  its  limb,  or  from  one  90^  distant  from  it.  It  is  therefore 
known  by  the  name  of  an  azimtUh  and  altitude  instrument.    The 

*  See  Littrow  on  the  Adjustment  of  the  Equatorial  (Mem.  Ast  Soc.  vol.  u.  p. 
46)i  'where  formale  are  given  for  aeoertatning  the  amount-and  direction  of  aU  the 
miaadjtistments  simultaneoiisly*  But  the  practical  obecrver,  who  withes  to  avoid 
bewildering  himself  by  d(nng  two  things  at  once,  had  better  proceed  as  recom- 
mended in  the  text 
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vertical  portion  of  its  principal  axis  is  secured  either  by  a  plumb- 
Itne  suspended  from  the  upper  end,  v^hich,  however  it  be  turned 
round,  should  continue  always  to  intersect  one  and  the  same  fidu- 
cial mark  near  its  lower  extremity,  or  by  a  level  fixed  directly 
across  it,  whose  bubble  ought  not  to  shift  its  place,  on  moving  the 
instrument  in  azimuth.  '  The  north  or  south  point  on  the  horizon- 
tal circle  is  ascertained  by  bringing  the  vertical  circle  to  coincide 
with  the  plane  of  the  meridian,  by  the  same  criterion  by  which  the 
azimuthal  adjustment  of  the  transit  is  performed  (art.  162),  and 
noting,  in  this  position,  the  reading  off  of  the  lower  circle ;  or  by 
the  followiag  process. 

(188.)  Let  a  bright  star  be  observed  at  a  considerable  distance 
to  the  east  of  the  meridian,  by  bringing  it  on  the  cross  wires  of 
the  telescope.  In  this  position  let  the  horizontal  circle  be  read  oS^ 
and  the  telescope  securely  clamped  on  the  vertical  one.  When  the 
star  has  passed  the  meridian,  and  is  in  the  descending  point  of  its 
daily  course,  let  it  be  followed  by  moving  the  whole  instrument 
round  to  the  west,  without,  however,  unclamping  the  telescope, 
until  it  comes  into  the  field  of  view ;  and  until,  by  continuing  the 
horizontal  motion,  the  star  and  the  cross  of  the  wires  come  once 
more  to  coincide.  In  this  position  it  ia  evident  the  star  must  have 
the  precise  altitude  above  the  western  horizon,  that  it  had  at  the 
moment  of  the  first  observation  above  the  eastern*  At  this  point 
let  the  motion  be  arrested,  and  the  horizontal  circle  be  again  read 
off.  The  difference  of  the  readings  will  be  the  azimuthal  arc 
described  in  the  interval.  Now,  it  is  evident  that  when  the  alti- 
tudes of  any  star  are  equal  on  either  side  of  the  meridian,  its 
azimuths^  whether  reckoned  both  from  the  north  or  both  from  the 
south  point  of  the  horizon,  must  also  be  equal, — consequently  the 
north  or  south  point  of  the  horizon  must  bisect  the  azimuthal  arc 
thus  determined,  and  will  therefore  become  known. 

(189.)  This  method  of  determining  the  north  and  south  points 
of  a  horizontal  circle  is  called  the  «  method  of  equal  altitudes," 
and  is  of  great  and  constant  use  in  practical  astronomy.  If  we 
note,  at  the  moments  of  the  two  observations,  the  time,  by  a  clock 
or  chronometer,  the  instant  halfway  between  them  will  be  the 
moment  of  the  star's  meridian  passage,  which  may  thus  be  deter- 
mined without  a  transit;  and,  vice  versd,  the  error  of  a  clock  or 
chronometer  may  by  this  process  be  discovered.    For  this  last 
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purpose,  it  is  not  necessary  that  our  instrumeat  should  be  provided 
ivith  a  horizontal  circle  at  all.  Any  means  by  which  altitudes  can 
be  measured  will  enable  us  to  determine  the  moments  when  the 
same  star  arrives  at  equal  altitudes  in  the  eastern  and  western 
halves  of  its  diurnal  course  ;  and,  these  once  known,  the  instant 
of  meridian  passage  and  the  error  of  the  clock  become  also  known. 

(190.)  Thus  also  a  meridian  line  maybe  drawn  and  a  meridian 
mark  erected.  For  the  readings  of  the  north  and  south  points  on 
the  limb  of  the  horizontal  circle  being  known,  the  vertical  circle 
may  be  brought  exactly  into  the  plane  of  the  meridian,  by  setting 
it  to  that  precise  reading.  This  done,  let  the  telescope  be  depressed 
to  the  north  horizon,  and  let  the  point  intersected  there  by  its  cross- 
wires  be  noted,  and  a  mark  erected  there,  and  let  the  same  be 
done  for  the  south  horizon.  The  line  joining  these  points  is  a 
meridian  line,  passing  through  the  centre  of  the  horizontal  circle. 
The  marks  may  be  made  secure  and  permanent  if  required. 

(191.)  One  of  the  chief  purposes  to  which  the  altitude  and 
azimuth  circle  is  applicable  is  the  investigation  of  the  amount  and 
laws  of  refraction.  For,  by  following  with  it  a  circumpolar  star 
which  passes  the  zenith,  and  another  which  grazes  the  horizon, 
through  their  whole  diurnal  course,  the  exact  apparent  form  of 
their  diurnal  orbits,  or  the  ovals  into  which  their  circles  are  dis- 
torted by  refraction,  can  be  traced  ;  and  their  deviation  from  cir- 
cles, being  at  every  moment  given  by  the  nature  of  the  observation 
in  the  direction  in  which  the  refraction  itself  takes  place  (i.  e.  m 
altitude),  is  made  a  matter  of  direct  observation. 

(192.)  The  zenith  sector  and  the  theodolite  are  peculiar  modifi- 
cations of  the  altitude  and  azimuth  instrument.  The  former  is 
adapted  for  the  veiy  exact  observation  of  stars  in  or  near  the 
zenith,  by  giving  a  great  length  to  the  vertical  axis,  and  sup- 
pressing all  the  circumference  of  the.  vertical  circle,  except  a  few 
degrees  of  its  lower  part,  by  which  a  great  length  of  radius,  and 
a  consequent  proportional  enlargement  of  the  divisions  of  its  arc, 
is  obtained.  The  latter  is  especially  devoted  to  the  measures  of 
horizontal  angles  between  terrestrial  objects,  in  which  the  tele- 
scope never  requires  to  be  elevated  more  than  a  few  degrees,  and 
in  which,  therefore,  the  vertical  circle  is  either  dispensed  with,  or 
executed  on  a  smaller  scale,  and  with  less  delicacy ;  while,  on  the 
other  hand,  great  care  is  bestowed  on  securing  the  exact  perpen- 
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dicalarity  of  the  plane  of  the  telescope's  motion,  by  resting  ita 
borizontal  axis  on  two  supports  like  the  piers  of  a  transit-instru- 
ment, which  themselves  are  firmly  bedded  on  the  spokes  of  the 
horizontal  circle,  and  turn  with  it. 

(193.)  The  next  instrument  we  shall  describe  is  one  by  whose 
aid  the  angular  distance  of  any  two  objects  may  be  measured,  or 
the  altitude  of  a  single  one  determined,  either  by  measuring  its 
distance  from  the  visible  horizon  (such  a»  the  sea-offing,  allowing 
for  its  dip),  or  from  its  own  reflection  on  the  surface  of  mercury. 
It  is  the  sextant,  or  quadrant,  commonly  called  Hadley^s  from  its 
reputed  inventor,  though  the  paority  of  invention  belongs  undoubt- 
ediy  to  Newton,  whose  claims  to  the  gratitude  of  the  navigator  are 
thus  doubled,  by  his  having  furnished  at  once  the  only  theory  by 
which  his  vessel  can  be  securely  guided,  and  the  only  instrument 
which  has  ever  been  found  to  avail,  in  applying  that  theory  to  its 
nautical  uses** 

(194.)  The  principle  of  this  instrument  is  the  optical  property 
of  reflected  rays,  thus  announced: — <<Tbe  angle  between  the  first 
and  last  directions  of  a  ray  which  has  suflTered  two  reflections  in 
one  plane  is  equal  to  twice  the  inclination  of  the  reflecting  surfaces 
to  each  other.''  Let  A  B  be  the  limb,  or  graduated  arc,  of  a  por* 
tion  of  a  circle  60^  in  extent,  but  y\%.  96. 

divided  into  120  equal  parts.  On 
the  radius  C  B  let  a  silvered  plane 
glass  D  be  fixed,  at  right  angles  to 
the  plane  of  the  circle,  and  on  the 
moveable  radius  C  £  let  another 
such  silvered  glass,  C,  be  fixed. 
The  glass  D  is  permanently  fixed 
parallel  to  A-  C,  and  only  one  half 
of  it  is  «lvered,  the  other  half 
allowing  objects  to  be  seen  through  it.  The  glass  C  is  wholly 
silvered,  and  its  plane  is  parallel  to  the  length  of  the  moveable 
radius  C  £,  at  the  extremity  E  of  which  a  vernier  is  placed  to  read 
ofi*the  divisions  of  the  limb.    On  the  radius  A  C  is  set  a  telescope 

*  Newton  communicated  it  to  Dr.  Halley,  who  auppreMed  it  The  dewripCton 
of  the  inetniment  waa  found,  after  Uie  death  of  Halley,  among  bis  papera.  in  New- 
ton's own  handwriting,  by  his  executor,  who  communicated  the  papers  to  the  Royal 
Society,  twenty-five  years  after  Newton's  death,  and  eleven  after  the  publication  of 
Hadlejr's  inTention,  which  might  be,  and  probably  was,  indepeodent  of  any  knowledgs 
of  Newton's^  though  Hutton  inabuates  the  contraiy. 
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F,  through  which  any  object,  Q,  may  be  seen  by  direct  rays  which 
pass  through  the  unsilvered  portion  of  the  glass  D,  while  another 
object,  P,  is  seen  through  the  same  telescope  by  rays,  which,  after 
reflection  at  C,  have  been  thrown  upon  the  silvered  part  of  D, 
and  are  thence  directed  by  a  second  reflection  into  the  telescope. 
The  two  images  so  formed  will  both  be  seen  in  the  field  of  view 
at  once,  and  by  moving  the  radius  C  £  will  (if  the  reflectors  be 
truly  perpendicular  to  the  plane  of  the  circle)  meet  and  pftss  over, 
without  obliterating  each  other.  The  motion,  however,  is  arrested 
when  they  meet,  and  at  this  point  the  angle  included  between  the 
direction  C  P  of  one  object,  and  F  Q  of  the  other,  is  twice  the 
angle  EGA  included  between  the  fixed  and  moveable  radii  C  A, 
C  E.  Now,  the  graduations  of  the  limb  being  purposely  made 
only  half  as  distant  as  would  correspond  to  degrees,  the  arc  A  E, 
when  read  off*,  as  if  the  graduations  were  whole  degrees,  will,  in 
fact,  read  double  its  real  amount,  and  therefore  the  numbers  so 
read  off  will  express  not  the^ngle  EGA,  but  its  double,  the  angle 
subtended  by  the  objects. 

(195  )  To  determine  the  exact  distances  between  the  stars  by 
direct  observation  is  comparatively  of  little  service ;  but  in  nautical 
astronomy  the  measurement  of  their  distances  from  the  moon,  and 
of  their  altitudes,  is  of  essential  importance ;  and  as  the  sextant 
requires  no  fixed  support,  but  can  be  held  in  the  band,  and  used 
on  ship-board,  the  utility  of  the  instrument  becomes  at  once  obvious. 
For  altitudes  at  sea,  as  no  level,  plumb-line,  or  artificial  horizon 
can  be  used,  the  sea-ofiing  afibrds  the  only  resource;  and  the 
image  of  the  star  observed,  seen  by  reflection,  is  brought  to  coin- 
cide with  the  boundary  of  the  sea  seen  by  direct  rays.  Thus  the 
altitude  above  the  sea-line  is  found ;  and  this  corrected  for  the  dip 
of  the  horizon  (art.  23),  gives  the  true  altitude  of  the  star.  On 
land,  an  artificial  horizon  may  be  used  (art.  173),  and  the  con- 
sideration of  dip  is  rendered  unnecessary. 

(196.)  The  adjustments  of  the  sextant  are  simple.  They  con- 
sist in  fixing  the  two  reflectors,  the  one  on  the  revolving  radius 
G  E,  the  other  on  the  fixed  one  G  B,  so  as  to  have  their  planes 
perpendicular  to  the  plane  of  the  circle,  and  parallel  to  each  other, 
when  the  reading  of  the  instrument  is  zero.  This  adjustment  in 
the  latter  respect  is  of  little  moment,  as  its  effect  is  to  produce  a 
constant  error,  whose  amount  is  readily  ascertained  by  bringing 
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the  two  images  of  one  and  the  same  star  or  other  distant  object  to 
coincidence ;  when  the  instrument  ought  to  read  zero,  and  if  it 
does  not|  the  angle  which  it  does  read  is  the  zero  correction  and 
must  be  subtracted  from  all  angles  measured  with  the  sextant. 
The  former  adjustments  are  essential  to  be  maintained,  and'  are 
performed  by  small  screws,  by  whose  aid  either  or  both  the  glasses 
may  be  tilted  a  little  one  way  or  another  until  the  direct  and 
reflected  images  of  a  vertical  line  (a  plumb-line)  can  be  brought 
to  coincidence  over  their  whole  extent^  so  as  to  form  a  single 
unbroken  straight  line,  whatever  be  the  position  of  the  moveable 
arm,  in  the  middle  of  the  field  of  view  of  the  telescope,  whose 
axis  is  carefully  adjusted  by  the  optician  to  parallelism  with  the 
plane  of  the  limb.  In  practice  it  is  usual  to  leave  only  the  reflector 
C  on  the  moveable  radius  adjustable,  that  on  the  fixed  being  set 
to  great  nicety  by  the  maker.  In  this  case  the  best  way  of  making 
the  adjustment  is  to  view  a  pair  of  Imes  crossing  each  other  at 
ri^t  angles  (one  being  horizontal  the  other  vertical)  through  the 
telescope  of  the  instrument,  holding  the  plane  of  its  limb  vertical, 
— ^then  having  brought  the  horizontal  line  and  its  reflected  image 
to  coincidence  by  the  motion  of  the  radius,  the  two  images  of  the 
vertical  arm  must  be  brought  to  coincidence  by  tilting  one  way 
or  other  the  fixed  reflectbr  D  by  means  of  an  adjusting  screw, 
with  which  every  sextant  is  provided  for  that  purpose.  When 
both  lines  coincide  in  the  centre  of  the  field  the  adjustment  is 
correct. 

(197.)  The  reflecting  circle  is  an  instrument  destined  for  the 
same  uses  as  the  sextant,  but  more  complete,  the  circle  being 
entire,  and  the  divisions  carried  all 
round.  It  is  usually  furnished  with 
three  verniers,  so  as  to  admit  of  three 
distinct  readings  off,  by  the  average 
of  which  the  error  of  graduation  and 
of  reading  is  reduced.  This  is  alto- 
gether a  very  refined  and  elegant  instru- 
ment. 

(198.)  We  must  not  conclude  this 
part  of  our  subject  without  mention  of 
the  « principle  of  repetition;"  an  in- 
vention of  Borda,  by  which  the  error  of  graduation  may  be  dimin- 
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ifihed  to  any  degree,  and,  practically  speaking,  annihilated.  Let  P  Q 
be  two  objects  which  we  may  suppose  fixed,  for  purposes  of  mere 
explanation,  and  let  K  L  be  a  telescope  moveable  on  O,  the  common 
axis  of  two  circles,  A  M  L  and  a  &c,  of  which  the  former,  A  M  L, 
is  absolutely  fixed  in  the  plane  of  the  objects,  and  carries  the 
graduations,  and  the  latter  is  freely  moveable  on  the  axis.  The 
telescope  is  attached  permanently  to  the  latter  circle,  and  moves 
with  it.  An  arm  0  a  A  carries  the  index,  or  vernier,  which  reads 
ofi*  the  graduated  limb  of  the  fixed  circle.  This  arm  is  provided 
with  two  clamps,  by  which  it  can  be  temporarily  connected  with 
either  circle,  and  detached  at  pleasure.  Suppose,  now,  the  tele* 
scope  directed  to  P.  Clamp  the  index  arm  0  A  to  the  timar  circle, 
and  unclamp  it  from  the  outer,  and  read  off.  Then  carry  the  tele- 
scope round  to  the  other  object  Q.  In  so  doing,  the  inner  circle, 
and  the  index-arm  which  is  clamped  to  it,  will  also  be  carried 
round,  over  an  arc  A  B,  on  the  graduated  limb  of  the  outer,  equal 
to  the  angle  P  0  Q.  Now  clamp  the  index  to  the  outer  circle,  and 
unclamp  the  inner,  and  read  off:  the  difference  of  readings  will  of 
course  measure  the  angle  P  0  Q;  but  the  result  will  be  liable  to  two 
sources  of  error — ^that  of  graduation  and  that  of  observation,  both 
which  it  is  our  object  to  get  rid  of.  To  this  end  transfer  the  telescope 
back  to  P,  without  unclamping  the  arm  from  the  outer  circle ;  thenj 
having  made  the  bisection  of  P,  clamp  the  arm  to  6,  and  unclamp 
it  from  B,  and  again  transfer  the  telescope  to  Q,  by  which  the 
arm  will  now  be  carried  with  it  to  C,  over  a  second  arc,  B  O, 
equal  to  the  angle  P  0  Q.  Now  again  read  off;  then  will  the 
difierence  between  this  reading  and  the  original  one  measure  tudce 
the  angle  P  0  Q,  affected  with  both  errors  of  observation,  but 
only  with  the  same  error  of  graduation  as  before.  Let  this  process 
be  repeated  as  often  as  we  please  (suppose  ten  times);  then  will 
the  final  arc  A  B  C  D  read  off  on  the  circle  be  ten  times  the 
required  angle,  affected  by  the  joint  errors  of  all  the  ten  observa- 
tions, but  only  by  the  same  constant  error  of  graduation,  which 
depends  on  the  initial  and  final  readings  off  alone.  Now  the 
errors  of  observation,  when  numerous,  tend  to  balance  and  destroy 
one  another ;  so  that,  if  sufficiently  multiplied,  their  influence  will 
disappear  from  the  result.  There  remains,  then,  only  the  constant 
error  of  graduation,  which  comes  to  be  divided  in  the  final  result 
by  the  number  of  observations,  and  is  therefore  diminished  in  its 
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inflaeDce  to  one  tenth  of  its  possible  amoant,  or  to  less  if  need 
be.  The  abstract  beauty  and  advantage  of  this  principle  seem  to 
be  counterbalanced  in  practice  by  some  unknown  cause,  which, 
probably,  must  be  sought  for  in  imperfect  clamping, 

(199.)  Micrometers  are  instruments  (as  the  name  imports*)  for 
measuring,  with  great  precision,  smalt  angles,  not  exceeding  a  few 
minutes,  or  at  most  a  whole  degree.  They  are  very  various  in  con- 
struction and  principle,  nearly  all,  however,  depending  on  the 
exceeding  delicacy  with  which  space  can  be  subdjivided  by  the 
tarns  and  parts  of  a  turn  of  fine  screws.  Thus — ^in  the  paraUd 
urire  micrometer^  two  parallel  threads  (spider's  lines  are  generally 
used)  stretched  on  sliding  frames,  one  or  both  moveable  by 
screws  in  a  direction  per- .  p.    ^^ 

pendicular  to  that  of  the 
threads,  are  placed  in  the 
comxaon  focus  of  the  object 
and  eye-glasses  of  a  tele- 
scope, and  brought  by  the 

motion  of  the  screws  exactly  ^  * 

to  cover  the  two  extremities  of  the  image  of  any  small  object  seen 
in  the  telescope,  as  the  diameter  of  a  planet,  &c.,  the  angular  dis- 
tance between  which  it  is  required  to  measure.  This  done,  the 
threads  are  closed  up  by  turning  one  of  the  screws  till  they  ex- 
actly cover  each  other,  and  the  number  of  turns  and  parts  of  a 
turn  required  gives  the  interval  of  the  threads,  which  must  be 
converted  into  angular  measure,  either  by  actual  calculation  from 
the  linear  measure  of  the  threads  of  the  screw  and  the  focal 
length  of  the  object  glass,  or  experimentally,  by  measuring  the 
image  of  a  known  object  placed  at  a  known  distance  (as  a  foot- 
rule  at  a  hundred  yards,  &c.)  and  therefore  subtending  a  known 
angle. 

(200.)  The  duplication  of  the  image  of  an  object  by  optical 
means  furnishes  a  valuable  and  fertile  resource  in  micrometry. 
Suppose  by  any  optical  contrivance  the  single  image  A  of  any 
object  can  be  converted  into  two,  exactly  equal  and  similar,  A  B| 
at  a  distance  from  one  another,  dependent  (by  some  mechanical 
movement)  on  the  will  of  the  observer,  and  in  any  required  direc^ 
tion  from  one  another.     As  these  can,  therefore,  be  made  to 
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approach  to  or  recede  from  each  other  at  pleasure,  they  may  be 
brought  in  the  first  place  to  approach  till  they  touch  one  another 

Fig.  29. 


Fig.  30. 


on  one  side,  as  at  A  C,  and  then  being  made  by  continuing  the 
motion  to  cross  and  touch  on  the  opposite  side,  as  A  D,  it  is 
evident  that  the  quantity  of  movement  required  to  produce  the 
change  from  one  contact  to  the  other,  if  uniform^  will  measwn  the 
double  diameter  of  the  object  A. 

(201.)  Innumerable  optical  combinations  may  be  devised  to 
operate  such  duplication.  The  chief  and  most  important  (from 
its  recent  applications),  is  the  heliometerj  in  which  the  image  is 
divided  by  bisecting  the  object-glass  of  the  telescope^  and  making 
its  two  halves,  set  in  separate  brass  frames,  slide  laterally  on  each 

other,  as  A  B,  the  motion  being  pro- 
duced and  measured  by  a  screw. 
Each  half,  by  the  laws  of  optics, 
forms  its  own  image  (somewhat 
blurred,  it  is  true,  by  diffraction*), 
in  its  own  axis ;  and  thus  two 
equal  and  similar  images  are  fornn- 
ed  side  by  side  in  the  focus  of  the 
eye-piece,  which  may  be  made  to 
approach  and  recede  by  the  motion 
of  the  screw,  and  thus  afford  the 
means  of  measurement  as  above  described. 

(202.)  Double  refraction  through  crystallized  media  affords 
another  means  of  accomplishing  the  same  end.  Without  going 
into  the  intricacies  of  this  difficult  branch  of  optics,  it  will  suffice 
to  state  that  objects  viewed  through  certain  crystals  (as  Iceland 
spar,  or  quartz)  appqar  double,  two  images  equally  distinct  being 
formed,  whose  angular  distance  from  each  other  varies  from 
nothing  (or  perfect  coincidence),  up  to  a  certain  limit,  according 

*  This  might  be  cured,  though  at  an  expense  of  light,  by  limiting  each  half  to  a 
circular  space  bj  diaphragmsj  as  represented  by  the  dotted  lines. 
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to  the  direction  with  respect  to  a  certain  fixed  line  in  the  crystal^ 
ealled  its  optical  axis.  Suppose,  then,  to  take  the  simplest  case^ 
that  the  eye-lens  of  a  telescope,  instead  of  glass,  were  formed  of 
such  a  crystal  (say  of  quartz,  which  may  be  worked  as  well  or 
better  than  glass),  and  of  a  spherical  form^  so  as  to  ofier  no 
difference  when  turned  about  on  its  centre,  other  than  the  inclina- 
tion of  its  optical  axis  to  the  visual  ray.  Then  when  that  axis 
coincides  with  the  line  of  collimation  of  the  object-glass,  one  image 
only  will  be  seen,  but  when  made  to  revolve  on  an  axis  perpen« 
dicular  to  that  line,  two  will  arise,  opening  gradually  out  from  each 
other,  and  thus  originating  the  desired  duplication.  In  this  con- 
trivance, the  angular  amount  of  the  rotation  of  the  sphere  affords 
the  necessary  datum  for  determining  the  separation  of  the  images. 
(203.)  Of  all  methods  which  have  been  proposed,  however,  the 
simplest  and  most  unobjectionable  would  appear  to  be  the  following. 
It  is  well  known  to  every  optical  student,  that  two  prisms  of  glass, 
a  flint  and  a  crown,  may  be  opposed  to  each  other,  so  as  to  pro- 
duce a  colourless  deflection  of  parallel  rays.  An  object  seen  through 
such  a  compound  or  achromatic  prism,  will  be  seen  simply  devi- 
ated in  direction,  but  in  no  way  otherwise  altered  or  distorted.  Let 
such  a  prism  be  constructed  with  its  surfaces  so  nearly  parallel 
that  the  total  deviation  produced  in  traversing  them  shall  not  ex- 
ceed a  small  amount  (say  5').     Let  this  be  cut  in  half,  and  from 
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each  half  let  a  circular  disc  be  formed 
and  cemented  on  a  circular  plate  of 
parallel  glass,  or  otherwise  sustained, 
close  to  and  concentric  with  the  other 
by  a  framework  of  metal  so  light  as 
to  intercept  but  a  small  portion  of  the. 
light  which  passes  on  the  outside  (as 
in  the  annexed  figure),  where  the 
dotted  lines  represent  the  radii  sus- 
taining one,  and  the  undotted  those 
carrying  the  other  disc.  The  whole 
must  be  so  mounted  as  to  allow  one  disc  to  revolve  in  its  own 
plane  behind  the  other,  fixed,  and  to  allow  the  amount  of  rotation 
to  be  read  off.  It  is  evident,  then,  that  when  the  deviations  pro- 
duced by  the  two  discs  conspire,  a  total  deviation  of  10'  will  be 
effected  on  all  the  light  which  has  passed  through  them  ;  that  when 
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tbey  oppose  each  other,  the  rays  will  emerge  uodeviated,  and  that 
in  intermediate  positions  a  deviation  varying  from  0  to  10',  and 
calculable  from  the  angular  rotation  of  the  one  disc  on  the  other, 
will  arise.    Now,  let  this  combination  be  applied  at  such  a  point 
of  the  cone  of  rays,  between  the  object-glass  and  its  focus,  that 
the  discs  shall  occupy  exactly  half  the  area  of  its  section.     Then 
will  half  the  light  of  the  object  lens  pass  undeviated — the  other 
half  deviated,  as  above  described  ;  and  thus  a  duplication  of  image, 
variable  and  measureable(as  required  for  micrometric  measurement) 
will  occur.    If  the  object-glass  be  not  very  large,  the  most  con- 
venient point  of  its  application  will  be  externally  before  it,  in 
which  case  the  diameter  of  the  discs  will  be  to  that  of  the  object- 
glass  as  707 :  1000;  or  (allowing  for  the  spokes)  about  as  7  to  10. 
(204.)  The  Position  Micrometer  is  simply  a  straight  thread  or 
wire,  which  is  carried  round  by  a  smooth  revolving  motion,  in  the 
common  focus  of  the  object  and  eye-glasses,  in  a  plane  perpen*- 
dicular  to  the  axis  of  the  telescope.     It  serves  to  determine  the 
situation  with  respect  to  some  fixed  line  in  the  field  of  view,  of  the 
line  joining  any  two  objects  or  points  of  an  object  seen  in  (hat 
field — as  two  stars,  for  instance,  near  enough  to  be  seen  at  once. 
For  this  purpose  the  moveable  thread  is  placed  so  as  to  cover  both 
of  them,  or  stand,  as  may  best  be  judged,  parallel  to  their  line  of 
junction.     And  its  angle,  with  the  fixed  one,  is  then  read  ofi*upon 
a  small  divided  circle  exterior  to  the  instrunCkent.     When  such  a 
micrometer  is  applied  (as  it  most  commonly  is)  to  an  eqaatorially 
mounted  telescope,  the  zero  of  its  position  corresponds  to  a  direc* 
tion  of  the  wire,  such  as,  prolonged,  will  represent  a  circle  of 
declination  in  the  heavens — and  the  <<  angles  of  position''  so  read 
ofi*  are  reckoned  invariably  from  one  point,  and  in  one  direction, 
viz.,  northy/olhwingf  sotUh,  preceding;  so  that  0^  position  corre- 
sponds to  the  situation  of  an  object  exactly  north  of  that  assumed 
as  a  centre  of  reference, — 90^  to  a  situation  exactly  eastward  or 
following;  180^  exactly  soiUh;  and  270^  exactly  west^  or  pre' 
ceding  in  the  order  of  diurnal  movement. 


CHAPTER  IV. 

OF   aSOOBAPHT. 

OF  THE  FIGU1UE  OF  THE  EAJBLTH. — ITS  EXACT  DIMENSIONS. — ITS  FOBH 
THAT  OF  EQUILIBBIUM  MODIFIED  BY  CENTBIFOGAL  FOBCE. — YABI- 
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MEASUBBS  of  GBATITY THE  PENDULUM GBAVITY  TO  A  8PHE- 

BOID. — OTBEB  EFFECTS  OF  THE  I^ABTH's  BOTATION. — ^TBADE 
WINDS. — DETEBMINATION  OF  GEOGRAPHICAL  POSITIONS. — OF 
LATITUDES.-— OF  LONGITUDES.^-CONDUCT  OF  A  TBIGONOMETBICAL 
SUBVEY.r — OF  MAPS.— PBOJECTIONS  OF  THE  SPHEBE.— ^EASUBE- 
MENT  OF  HEIGHTS  BY  THE  BABOMETEB. 

(205.)  Geogbaphy  is  not  only  the  most  important  of  the  prao- 
tical  branches  of  knowledge  to  which  astronomy  is  applied,  but  it 
18  also,  theoretically  speaking,  an  essential  part  of  the  latter  science. 
The  earth  being  the  general  station  from  which  we  view  the 
heavens,  a  knowledge  of  the  local  situation  of  particular  stations 
on  its  sor&ce  is  of  great  consequence,  when  we  come  to  inquire 
the  distancea  of  the  nearer  heavenly  bodies  from  us,  as  concluded 
from  observations  of  their  parallax  >as  well  as  on  all  other  occa- 
sions, where  a  difference  of  locality  can  be  supposed  to  influence 
astronomical  results.  We  propose,  therefore,  in  this  chapter,  to 
explain  the  principles,  by  which  astronomical  observation  is  applied 
to  geographical  determinations,  and  to  give  at  the  same  time  an 
outline  of  geography  so  far  as  it  is  to  be  considered  a  part  of 
astronomy* 

(206.)  Geography,  as  the  word  imports,  is  a  delineation  or  de- 
scription of  the  earth.  In  its  widest  sense,  this  comprehends  not 
only  the  delineation  of  the  form  of  its  continents  and  seas,  its 
rivers  and  mountains,  but  their  physical  condition,  climates,  and 
products,  and  their  appropriation  by  communities  of  men.  With 
physical  and  political  geography,  however,  we  have  no  concern 
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here.  Astronomical  geography  has  for  its  objects  the  exact  know- 
ledge of  the  form  and  dimensions  of  the  earth,  the  parts  of  its  sur- 
face occupied  by  sea  and  land,  and  the  configuration  of  the  sur&ce 
of  the  latter,  regarded  as  protuberant  above  the  ocean,  and  broken 
into  the  various  fc^ms  of  mountain,  table  land,  and  valley ;  neither 
should  the  form  of  the  bed  of  the  ocean,  regarded  as  a  continuation 
of  the  surface  of  the  land  beneath  the  water,  be  left  out  of  consi- 
deration :  we  know,  it  is  true,  very  little  of  it ;  but  this  is  an  igno- 
rance rather  to  be  lamented,  and,  if  possible^  remedied,  than 
acquiesced  in,  inasmuch  as  there  are  many  very  important  branches 
of  inquiry  which  would  be  greatly  advanced  by  a  better  acquaint- 
ance with  it. 

(207.)  With  regard  to  the  figure  of  the  earth  as  a  wholes  we 
have  already  shown  that,  speaking  loosely,  it  may  be  regarded  as 
spherical;  but  the  reader  who  has  duly  appreciated  the  remarks 
in  art.  22,  will  not  be  at  a  loss  to  perceive  that  this  result,  con- 
cluded from  observations  not  susceptible  of  much  exactness,  and 
embracing  very  small  portions  of  the  surface  at  once,  can  only  be 
regarded  as  a  first  approximation,  and  may  require  to  be  mate- 
rially modified  by  entering  into  minutiae  before  neglected,  or  by 
increasing  the  delicacy  of  our  observations,  or  by  including  in 
their  extent  larger  areas  of  its  surface.  For  instance,  if  it  should 
turn  out  (as  it  will),  on  minuter  inquiry,  that  the  true  figure  is 
somewhat  elliptical,  or  flattened,  in  the  manner  of  an  orange, 
having  the  diameter  which  coincides  with  the  axis  aboat  ^^^th 
part  shorter  than  the  diameter  of  its  equatorial  circle ; — this  is  so 
trifling  a  deviation  from  the  spherical  form  that,  if  a  model  of  such 
proportions  were  turned  in  wood,  and  laid  before  us  on  a  table, 
the  nicest  eye  or  hand  would  not  detect  the  flattening,  since  the 
diflference  of  diameters,  in  a  globe  of  fifteen  inches,  would  amount 
only  to  3^oth  of  an  inch.  In  all  common  parlance,  and  for  all  ordi- 
nary purposes,  then,  it  would  still  be  called  a  globe ;  while,  never- 
theless, by  careful  measurement,  the  diflference  would  not  (ail  to 
be  noticed;  and,  speaking  strictly,  it  would  be  termed,  not  a 
globe,  but  an  oblate  ellipsoid,  or  spheroid,  which  is  the  name 
appropriated  by  geometers  to  the  form  above  described. 

(208.)  The  sections  of  such  a  figure  by  a  plane  are  not  circles^ 
but  ellipses ;  so  that,  on  such  a  shaped  earth,  the  horizpn  of  a 
spectator  would  nowhere  (except  at  the  poles)  be  exactly  circular, 
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bot  somewhat  elliptkal.  It  is  easy  to  demonstrate^  however,  that 
its  deviation  from  the  circular  form,  arising  from  so  very  slight  an 
<«  ellipticUy*^  as  above  supposed,  would  be  quite  imperceptible,  not 
only  to  our  eyesight,  but  to  the  test  of  the  dip-sector ;  so  that  by 
that  mode  of  observation  we  should  never  be  led  to  notice  so  small 
a  deviation  from  perfect  sphericity.  How  we  are  led  to  this  con- 
clusion, as  a  practical  result,  will  appear,  when  we  have  explained 
the  means  of  determining  with  accuracy  the  dimensions  c^*  the 
whole,  or  any  part  of  the  earth. 

(209.)  As  we  cannot  grasp  the  earth,  nor  recede  from  it  far 
enough  to  view  it  at  once  as  a  whole,  and  compare  it  with  a  known 
standard  of  measure  in  any  degree  commensurate  to  its  own  size, 
but  can  only  creep  about  upon  it,  and  apply  our  diminutive 
measures  to  comparatively  small  parts  of  its  vast  surface  in  succes- 
sion, it  becomes  necessary  to  supply,  by  geometrical  reasoning,  the 
defect  of  our  physical  powers,  and  form  a  delicate  and  careful 
measurement  of  such  small  parts  to  conclude  the  form  and  dimen- 
sions of  the  whole  mass.  This  would  present  little  difficulty,  if 
we  were  sure  the  earth  were  strictly  a  sphere,  for  the  proportion  of 
the  circumference  of  a  circle  to  its  diameter  being  known  (viz.  that 
of  3-1415926  to  10000000),  we  have  only  to  ascertain  the  length 
of  the  entire  circumference  of  any  great  circle,  such  as  a  meridian, 
in  miles,  feet,  or  any  other  standard  units,  to  know  the  diameter 
in  units  of  the  same  kind.  Now,  the  circumference  of  the  whole 
circle  is  known  as  soon  as  we  know  the  exact  length  of  any  aliquot 
part  of  it,  such  as  l^  or  liuth  part;  and  this,  being  not  more  than 
about  seventy  miles  in  length,  is  not  beyond  the  limits  of  very 
exact  measurement,  and  could,  in  fact,  be  measured  (if  we  knew 
its  exact  termination  at  each  extremity)  within  a  very  few  feet,  or, 
indeed,  inches,  by  methods  presently  to  be  particularized 

(210.)  Supposing,  then,  we  were  to  begin  measuring  with  all 
due  nicety  from  any  station,  in  the  exact  direction  of  a  meridian, 
and  go  measuring  on,  till  by  some  indication  we  were  informed 
that  we  had  accomplished  an  exact  degree  from  the  point  we  set 
out  from,  our  problem  would  then  be  at  once  resolved.  It  only 
remains,  therefore,  to  inquire  by  what  indications  we  can  be  sure, 
1st,  that  we.  have  advanced  an. exact  degree;  and  2dly,  that  we 
have  been  measuring  in  the  exact  direction  of  a  great  drck. 

(211.)  Now,  the  earth  has  no  landmarks  on  it  to  indicate 
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degrees,  nor  traces  inscribed  on  its  surface  to  guide  us  in  such  a 
course.  The  compass,  though  it  affords  a  tolerable  gui(fe  to  the 
fDariner  or  the  traveller,  is  far  too  uncertain  in  its  indications,  and 
too  little  known  in  its  laws,  to  be  of  any  use  in  such  an  operation. 
We  must,  therefore,  look  outwards,  and  refer  our  situation  on  the 
«urface  of  our  globe  to  natural  marics,  external  to  it,  and  which 
hte  of  equal  permanence  and  stability  with  the  earth  itself.  Such 
marks  are  afforded  by  the  stars.  By  observations  of  their  meridian 
altitudes,  performed  at  any  station,  and  from  their  known  polar 
distances,  we  conclude  the  height  of  the  pole  ;  and  since  the  alti- 
tude of  the  pole  is  equal  to  the  latitude  of  the  place  (att.  119),  the 
same  observations  give  the  latitudes  of  any  stations  where  we  may 
establish  the  requisite  instruments.  When  our  latitude,  then,  is 
found  to  have  diminished  a  degree,  we  know  that,  provided  toe 
have  kept  to  the  meridian^'we  have  described  one  three  hundred 
and  sixtieth  part  of  the  earth's  circumference. 

(212.)  The  direction  of  the  meridian  may  be  secured  at  every 
instant  by  the  observations  described  in  art.  162,  188;  and 
although  local  difficulties  may  oblige  us  to  deviate  in  our  measure- 
ment from  this  exact  direction,  yet  if  we  keep  a  strict  account  of 
the  amount  of  this  deviation,  a  very  simple  calculation  will  enable 
us  to  reduce  our  observed  measure  to  its  meridional  value. 

(213.)  Such  is  the  principle  of  that  most  important  geographi- 
cal operation,  the  measurement  of  an  arc  of  the  meridian.  In  its 
detail,  however,  a  somewhat  modified  course  must  be  followed; 
An  observatory  cannot  be  mounted  and  dismounted  at  every  step ; 
so  that  we  cannot  identify  and  measure  an  exact  degree  neither 
more  nor  less.  But  this  is  of  no  consequence,  provided  we  know 
with  equal  precision  how  much^  more  or  less,  we  have  measured. 
In  place,  then,  of  measuring  this  precise  aliquot  part,  we  take  the 
more  convenient  method  of  measuring  from  one  good  observing 
station  to  another,  about  a  degree,  or  two  or  three  degrees,  as  the 
case  may  be,  or  indeed  any  determinate  angular  interval  apart, 
and  determining  by  astronomical  observation  the  precise  difference 
of  latitudes  between  the  stations. 

(214.)  Again,  it  is  of  great  consequence  to  avoid  in  this  opera- 
tion every  source  of  uncertainty,  because  an  error  committed  in 
the  length  of  a  single  degree  will  be  multiplied  360  times  in  the 
circumference,  and  nearly  115  times  in  the  diameter  of  the  earth 
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coDcladed  from  it  Any  error  which  maj  affect  (he  astronomical 
determinatioQ  of  a  star's  altitude  will  be  especially  influential. 
Now,  there  is  still  too  much  uncertainty  and  fluctuation  in  the 
amount  of  refraction  at  moderate  altitudes,  not  to  make  it  espe- 
cially desirable  to  avoid  this  source  of  error.  To  eflect  this,  we 
take  care  to  select  for  observation,  at  the  extreme  stations,  some 
star  which  passes  through  or  near  the  zeniths  of  both.  The  amount 
of  refraction,  within  a  few  degrees  of  the  zenith,  is  very  small, 
and  its  fluctuations  and  uncertainty,  in  point  of  quantity,  so  exces- 
stveiy  minute  as  to  be  utterly  inappreciable.  Now,  it  is  the  same 
thing  whether  we  observe  the  pole  to  be  raised  or  depressed  a 
degree,  or  the  zenxlh  distance  of  a  star  when  on  the  meridian  to 
have  changed  by  the  same  quantity  (fig.  art.  128).  If  at  one 
station  we  observe  any  star  to  pass  through  the  zenith,  and  at  the 
other  to  pass  one  degree  south  or  north  of  the  zenith,  we  are  sure 
that  the  geographical  latitudes,  or  the  altitudes  of  the  pole  at  the 
two  stations,  must  differ  by  the  same  amount. 

(215.)  Granting  that  the  terodinal  points  of  one.  degree  can  be 
ascertained,  its  hngth  may  be  measured  by  the  methods  which 
will  be  presently  described,  as  we  have  before  remarked,  to  within 
a  very  few  feet.  Now,  the  error  which  may  be  committed  in  fix-> 
ing  each  of  these  terminal  points  cannot  exceed  that  which  may 
be  committed  in  the  observation  of  the  zenith  distance  of  a  star 
properly  situated  for  the  purpose  in  question.  This  error,  with 
proper  care,  can  hardly  exceed  half  a  second.  Supposing  we 
grant  the  possibility  of  ten  feet  of  error  in  the  length  of  each 
degree  in  a  measured  arc  of  five  degrees,  and  of  half  a  second 
in  each  of  the  zenith  distances  of  one  star,  observed  at  the  northern 
and  southern  stations,  and,  lastly,  suppose  all  these  errors  to  con- 
spire, so  as  to  tend  all  of  them  to  give  a  result  greater,  or  all  less, 
than  the  truth,  it  will  appear,  by  a  very  easy  proportion,  that  the 
whole  amount  of  error  which  would  be  thus  entailed  on  an  esti- 
mate of  the  earth's  diameter,  as  concluded  from  such  a  measure, 
would  not  exceed  1 147  yards,  or  about  two  thirds  of  a  mile,  and 
this  is  ample  allowance. 

(216.)  This,  however,  supposes  that  the  form  of  the  earth  is 
that  of  a  perfect  sphere,  and,  in  consequence,  tlie  lengths  of  its 
degrees  in  all  parts  precisely  equal.  But,  when  we  come  to  com- 
pare the  measures  of  meridional  arcs  made  in  various  parts  of  the 
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globe,  the  results  obtained,  although  they  agree  sufficiently  to 
show  that  the  supposition  of  a  spherical  figure  is  not  very  remote 
from  the  truth,  yet  exhibit  discordances  far  greater  than  what  we 
have  shown  to  be  attributable  to  error  of  observation,  and  which 
render  it  evident  that  the  hypothesis,  in  strictness  of  its  wording, 
is  untenable*  The  following  table  exhibits  the  lengths  of  a  degree 
of  the  meridian  (astronomically  determined  as  above  described), 
expressed  in  British  standard  feet,  as  resulting  from  actual  mea- 
surement made  with  all  possible  care  and  precision,  by  commis- 
sioners of  various  nations,  men  of  the  first  eminence,  supplied  by 
their  respective  governments  with  the  best  instruments,  and  fur- 
nished with  every  facility  which  could  tend  to  ensure  a  successful 
result  of  their  important  labours. 


Coaotiy. 

LatitadBorMid(neof 

AreaeMiniL 

MMsvrad 

Length  ill 

F«eL 

1 

Meia  Lender 

fheDerraeattiiB 

Middle  Utitwte 

la  FmL 

Sweden,*  B        -       - 
Sweden,  A          -       - 
Russia,  A     -       -       . 
Russia,  B     -       -       - 
Prussia,  B  -       - 
Denmark,  B         -       - 
Hanover,  A  B      - 
England,  A  - 
England,  B  - 
France,  A  - 
France,  A  B 
Rome  A     -       •       - 
America,  A         -       - 
India,  A  B  -       -       - 
India,  A  B  -       -       - 
Pcni,  A  B  - 
Cape  of  Good  Hope,  A 
Gape  of  Good  Hope,  B 

+66*  20'  10" -0 
-h66   19  87 
458   17  87 
456     8   56-6 
-4-64  68   26-0 
454     8   13  7 
4^2   82   16*6 
4^2  35   45 
-1-52     2   19-4 
-4-46   62     2 
+44   51     2-5 
4^2  69  — 
439   12  — 
4l6     8  21*5 
X12   82   20*8 
_  1   31     0-4 
-83   18   80 
—85   48   200 

1°  37'  lO^-O 

0  67   30-4 
8   86     5-2 
8     2   28-9 

1  80   29*0 

1  31   63-^ 

2  0   67-4 
8   67   181 
2   60   23-5 
8   20     0-8 

12  22   12-7 
2     9   47 
1  28   45-0 

15   67   40-7 
1   84   66-4 
8     7     3-5 
1   18   17-6 
8  84  84-7 

698277 

851832 

1809742 

2937439 

661078 

659121 

736426 

1442968 

1086409 

8040606 

4509832 

787919 

588100 

5794598 

674818 

1131050 

446606 

1801993 

866744 
866782 
866868 
365291 
866420 
866087 
866800 
864971 
364951 
864872 
864572 
86426S 
863786 
863044 
862966 
363626 
864718 
364060 

It  is  evident  from  a  mere  inspection  of  the  second  and  fifth 
columns  of  this  table,  that  the  measured  length  of  a  degree  in- 
creases with  the  latitude^  being  greatest  near  the  poles,  and  least 


*  The  astronomem  bj  whom 
follows: — 

Sweden,  A  B — Svanberg. 
Sweden,  A — Maupertuis. 
Russia,  A — Struve. 
Russia,  B — Struve,  Tenner. 
Prussia — Bcssel,  Bayer. 
Denmark — Schumacher. 
Hanover — Gauss. 
England — Kay,  Kater. 
France,  A— Laicaille,  Cassini. 


these  measurementfl  were  executed  were  u 


France,  A  6 — Delambre,  Mechain. 

Rome — Boscovich 

America — IMasoo  end  Dixon. 

India,  1st — Lambton. 

India,  2d--Lambton,  Everest. 

Peru — Lacondamine,  Bouguer. 

Cape  of  Good  Hope,  A— Lacaille. 

Capo  of  Good  Hope,  B — Maclear. 

—Astr.  Nackr,  674. 
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near  the  equator.  Let  us  now  consider  what  interpretation  is  to 
be  put  upon  this  conclusion,  as  regards  the  form  of  the  earth. 

(217.)  Suppose  we  held  in  our  hands  a  model  of  the  earth 
smoothly  turned  in  wood,  it  would  be,  as  already  observed,  so 
nearly  spherical,  that  neither  by  the  eye  nor  the  touch,  unassisted 
by  instruments,  could  we  detect  aoy  deviation  from  that  form. 
Suppose,  too,  we  were  debarred  from  measuring  directly  across 
from  sur&ce  to  surface  in  different  directions  with  any  instrument, 
by  which  we  might  at  once  ascertain  whether  one  diameter  were 
longer  than  another ;  how,  then,  we  may  ask,  are  we  to  ascertain 
whether  it  is  a  true  sphere  or  not  ?  It  is  clear  that  we  have  no 
resource,  but  to  endeavour  to  discover,  by  some  nicer  means  than 
simple  inspection  or  feeling,  whether  the  convexity  of  its  surface 
is  the  same  in  every  part ;  and  if  not,  where  it  is  greatest,  and 
where  least.  Suppose,  then,  a  thin 
plate  of  metal  to  be  cut  into  a  con-  ll 

cavity  at  its  edge,  so  as  exactly  to  f^i^'-^^^^'^^v^ 

fit  the  surface  at  A :  let  this  now  be        /^^  ^^N,. 

removed  from  A,  and  applied  sue-    ^  \ 

cessively  to  several  other  parts  of  ^  [  ] 

the  surface,  taking  care  to  keep  its    ^  J 

plane  always  on  a  great  circle  of  the        \v^^^^^  ^^y^ 

globe,  as  here  represented.  If,  then, 

we  find  any  position,  B,  in  which  the  light  can  enter  in  the  middle 
between  the  globe  and  plate,  or  any  other,  C,  where  the  latter 
tilts  by  pressure,  or  admits  the  light  under  its  edges,  we  are  sure 
that  the  caroaiurt  of  the  sur&ce  at  B  is  less,  and  at  C  greater, 
than  at  A. 

(218.)  What  we  here  do  by  the  application  of  a  metal  plate  of 
determinate  length  and  curvature,  we  do  on  the  earth  by  the 
measurement  of  a  degree  of  variation  in  the  altitude  of  the  pole. 
Curvature  of  a  surface  is  nothing  but  the  continual  deflection  of  its 
tangent  from  one  fixed  direction  as  we  advance  along  it.  When, 
in  the  same,  measured  distance  of  advance  we  find  the  tangent 
(which  answers  to  our  hmzon)  to  have  shifted  its  position  with 
respect  to  a  fixed  direction  in  space,  (such  as  the  axis  of  the  hea- 
yens,  or  the  line  joining,  the  earth's  centre  and  some  given  star,) 
fnore  in  one  part  of  the  earth's  meridian  than  in  another,  we  con- 
clude, of  necessity,  that  the  curvature  of  the  surfiatce  at  the  former 
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spot  is  greater  than  at  the  latter ;  and  vice  versd^  when,  in  order 
to  produce  the  same  change  of  horizon  with  respect  to  the  pole 
(suppose  1^)  we  require  to  travel  over  a  longer  measured  space  at 
one  point  than  at  another,  we  assign  to  that  point  a  less  curvature* 
Hence  we  conclude  that  the  curvature  of  a  meridional  section  of 
the  earth  is  sensibly  greater  at  the  equator  than  towards  the  poles; 
or,  in  other  words,  that  the  earth  is  not  spherical,  but  fiaitened  at 
the  poles,  or,  which  comes  to  the  same,  protuberant  at  the  equator. 
(219.)  Let  NABDEF  represent  a  meridional  section  of  the 
earth,  C  its  centre,  and  N  A,  BD,  G£,  arcs  of  a  meridian,  each 

Fig.  33. 
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corresponding  to  one  degree  of  difierence  of  latitude,  or  to  one 
degree  of  variation  in  the  meridian  altitude  of  a  star,  as  referred 
to  the  horizon  of  a  spectator  travelling  along  the  meridian.  Let 
n  N,  a  A,  i  B,  d  D,  g"  G,  c  E,  be  the  respective  directions  of  the 
plumb-line  at  the  stations  N,  A,  B,  D,  G,  E,  of  which  we  will 
suppose  N  to  be  at  the  pole  and  E  at  the  equator ;  then  will  the 
tangents  to  the  surface  at  these  points  respectively  be  perpen- 
dicular to  these  directions;  and, ponsequently,  if  each  pair,  viz. 
n  N  and  a  A,  i  B  and  d  D,  g-  G  and  e  E,  be  prolonged  till  they 
intersect  each  other  (at  the  points  x,  y,  2),  the  angles  N  x  A,  B  y  D, 
GzE,  will  each  be  one  degree,  and,  therefore,  all  equal ;  so  that 
the  small  curvilinear  arcs  N  A,  BD,  GE,  maybe  regarded  as  arcs 
of  circles  of  one  degree  each,  described  about  x,  y,  z,  as  centres. 
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These  are  "what  in  geometry  are  called  centres  of  curvature^  and 
the  radii  x  N  or  :r  A,  ^  B  or  y  D,  z  G  or  z  £,  represent  radii  of 
curvature^  by  which  the  curvatures  at  those  points  are  determined 
and  measured.  Now,  as  the  arcs  of  different  circles,  which  sub- 
tend equal  angles  at  their  resppciive  centres,  are  in  the  direct  pro- 
portion of  their  radii,  and  as  the  arc  N  A  is  greater  than  B  D,  and 
that  again  than  G  E,  it  follows  that  the  radius  N  x  must  be  greater 
ttian  B  y,  and  B  y  than  £  z.  Thus  it  appears  that  the  mutual 
intersections  of  the  plumb-lines  will  not,  as  in  the  sphere,  all  coin- 
cide in  one  point  C,  the  centre,  but  will  be  arranged  along  a  certain 
curve,  xyz  (which  will  be  rendered  more  evident  by  considering 
a  number  of  intermediate  stations).  To  this  curve  geometers  have 
given  the  name  of  the  evolute  of  the  curve  N  A  B  D  G  E,  from 
whose  centres  of  curvature  it  is  constructed. 

(220.)  In  the  flattening  of  a  round  figure  at  two  opposite  points, 
and  its  protuberance  at  points  rectangularly  situated  to  the  former, 
we  recognize  the  distingtiishing  feature  of  the  elliptic  form.  Ac- 
cordingly, the  next  and  simplest  supposition  that  we  can  make 
respecting  the  nature  of  the  meridian,  since  it  is  proved  not  to  be 
a  circle,  is,  that  it  is  an  ellipse,  or  nearly  so,  having  N  S,  the  axis 
of  the  earth,  for  its  shorter,  and  E  F,  the  equatorial  diameter,  for 
its  longer  axis ;  and  that  the  form  of  the  eartti's  surface  is  that 
which  would  arise  from  making  such  a  curve  revolve  about  its 
shorter  axis  N  S.  This  agrees  well  with  the  general  course  of  the 
increase  of  the  degree  in  going  from  the  equator  to  the  pole.  In 
the  ellipse,  the  radius  of  curvature  at  E,  the  extremity  of  the  longer 
axis  is  the  least,  and  at  that  of  the  shorter  axis,  the  greatest  it 
admits,  and  the  form  of  its  eoolute  agrees  with  that  here  repre* 
sented.*  Assuming,  then,  that  it  is  an  ellipse,  the  geometrical 
properties  of  that  curve  enable  us  to  assign  the  proportion  between 
the  lengths  of  its  axes  which  shall  correspond  to  any  proposed  rate 
of  variation  in  its  curvature,  as  well  as  to  fix  upon  their  absolute 
lengths,  corresponding  to  any  assigned  length  of  the  degree  in  a 
given  latitude.  Without  troubling  the  reader  with  the  investiga- 
tion, (which  may  be  found  in  any  work  on  the  conic  sections,)  it 
will  be  sufficient  to  state  the  results  which  have  been  arrived  at  by 
the  most  systematic  combinations  of  the  measured  arcs  which  have 
hitherto  been  made  by  geometers.     The  most  recent  is  that  of 

^  The  dotted  lines  are  the  portiuDi  of  the  evolute  helonging  to  the  other  quadranti. 
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Bessel^*  who  by  a  combination  of  the  ten  arcs,  marked  B  in  our 
table,  has  concluded  the  dimensions  of  the  terrestrial  spheroid  to 
be  as  follows : — 

Feet.  Miles. 

Greater  or  equatorial  diameter  .  -  -  =  41,847,192  =-  7925-604 
Lesser  or  polar  diameter  -  -  •  .  -  -  41,707,324  -  7899-114 
Dlfierence  of  diameters,  or  polar  compression  "•      139,768—      26*471 

Proportion  of  diameters  as  299*15  to  29815. 

The  other  combination  whose  results  we  shall  state,  is  that  of 
Mr.  Airy^t  who  concludes  as  follows: — 

Feet  Hilflf. 

Equatorial  diameter »  41,847,426  «  7925-648 

Polar  diameter  «.  41,707,620  —  7899170 

Polar  compression  -  -  -  -  •»  —  139,806—  26*478 
Proportion  of  diameters  as  299-33  to  298*33. 

These  conclusions  are  based  on  the  consideration  of  those  13 
arcs,  to  which  the  letter  A  is  annexed, j:  and  of  one  other  arc  of 
Jo  7/  3i".i^  measured  in  Piedmont  by  Plana  and  Carlini,  whose 
discordance  with  the  rest,  owing  to  local  causes  hereafter  to  be 
explained,  arising  from  the  exceedingly  mountainous  nature  of 
the  country,  render  the  propriety  of  so  employing  it  very  doubtful. 
Be  that  as  it  may,  the  strikingly  near  accordance  of  the  two  sets 
of  dimensions  is  such  as  to  inspire  the  greatest  confidence  in  both. 
The  measurement  at  the  Cape  of  Good  Hope  by  Lacaille,  also 
used  in  this  determination,  has  always  been  regarded  as  unsatis- 
factory, and  has  recently  been  demonstrated  by  Mr.  Maclear  to  be 
erroneous  to  a  considerable  extent.    The  omission  of  the  former, 
and  the  substitution  for  the  latter,  of  the  far  preferable  result  of 
Mr.  Maclear's  second  measurement  would  induce,  however,  but  a 
trifling  change  in  the  final  result. 

(221.)  Thus  we  see  that  the  rough  diameter  of  8000  miles  we 
have  hitherto  used,  is  rather  too  great,  the  excess  being  about  100 
miles,  or  ^th  part.  As  convenient  numbers  to  remember,  the 
reader  may  bear  in  mind,  that  in  our  latitude  there  are  just  as 
many  thousands  of  feet  in  a  degree  of  the  meridian  as  there  are 
days  in  a  year  (365):  that,  speaking  loosely,  a  degree  is  about  70 
British  statute  miles,  and  a  second  about  100  feet ;  that  the  equa- 
torial circumference  of  the  earth  is  a  little  less  than  25,000  miles 

*  Schumacher's  Astronomiscbe  Nachrichten,  Nos.  838, 334,  335, 438. 
f  Encyclopedia  Metropolitanai  *«  Figure  of  the  earth"  (1831). 
X  In  thoee  which  have  both  A  and  B,  the  numbers  used  by  Mr.  Airy  difi&r  slightly 
from  Benel's,  which  are  those  we  have  preierred. 
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(24,899),  and  the  ellipticity  or  polai  flattening  amounts  to  one 
SOOtb  part  of  the  diameter. 

(222.)  The  two  sets  of  results  above  stated  are  placed  in  juxta- 
position, and  the  particulars  given  more  in  detail  than  may  at  first 
sight  appear  consonant,  either  with  the  general  plan  of  this  work, 
or  the  state  of  the  reader's  presumed  acquaintance  with  the  subject* 
But  it  is  of  importance  that  he  should  early  be  made  to  see  how, 
in  astronomy,  results  in  admirable  concordance  emerge  from  data 
accumulated  from  totally  different  quarters,  and  how  local  and 
accidental  irregularities  in  the  data  themselves  become  neutralized 
and  obliterated  by  their  impartial  geometrici^l  treatment.  In  the 
cases  before  us,  the  modes  of  calculation  followed  are  widely  dif* 
ferent,  and  in  each  the  mass  of  figures  to  be  gone  through  to  arrive 
at  the  result,  enormous. 

(223.)  The  supposition  of  an  elliptic  form  of  the  earth's  section 
through  the  axis  is  recommended  by  its  simplicity,  and  confirmed 
by  comparing  the  numerical  results  we  have  just  set  down  Vith 
those  of  actual  measurement.  When  this  comparison  is  executed, 
discordances,  it  is  true,  are  observed,  which,  although  still  too  great 
to  be  referred  to  error  of  measurement,  are  yet  so  small,  compared 
to  the  errors  which  would  result  from  the  spherical  hypothesis,  as 
completely  to  justify  our  regarding  the  earth  as  an  ellipsoid,  and 
referring  the  observed  deviations  to  either  local  or,  if  general,  to 
eomparatively  small  causes. 

(224.)  Now,  it  is  highly  satisfactory  to  find  that  the  general 
elliptical  figure  thus  practically  proved  to  exist,  is  precisely  what 
ought  theoretically  to  result  from  the  rotation  of  the  earth  on  its 
axis.  For,  let  us  suppose  the  earth  a  sphere,  at  rest,  of  uniform 
materials  throughout,  and  externally  covered  with  an  ocean  of 
equal  depth  in  every  part.  Under  such  circumstances  it  would 
obviously  be  in  a  state  of  equilibrium;^  and  the  water  on  its  surface 
would  have  no  tendency  to  run  one  way  or  the  other.  Suppose, 
now,  a  quantity  of  its  materials  were  taken  from  the  polar  regions, 
and  piled  up  all  round  the  equator,  80  as  to  produce  that  difference 
of  the  polar  and  equatorial  diameters  of  26  miles  which  we  know 
to  exist.  It  is  not  less  evident  that  a  mountain  ridge  or  equatorial 
continent  only^  would  be  thus  formed,  from  which  the  water  would 
run  down  the  excavated  part  at  the  poles.  However  solid  matter 
might  rest  where  it  was  placed,  the  liquid  part,  at  least,  would  not 
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pemaiQ  there,  any  more  than  if  it  were  thrown  on  the  side  of  a  hill. 
The  consequence  therefore,  would  be  the  formation  of  two  great 
polar  seas,  hemmed  in  all  round  by  equatorial  land.  Now,  this 
is  by  no  means  the  case  in  nature.  The  ocean  occupies,  indifier- 
ently,  all  latitudes,  with  no  more  partittlity  to  the  polar  than  to  tbe 
equatorial.  Since,  then,  as  we  see,  the  water  occupies  an  eleviH 
tion  above  the  centre  no  less  than  13  miles  greater  at  the  equator 
than  at  the  poles,  and  yet  manifests  no  tendency  to  leave  the  former 
and  run  towards  the  latter,  it  is  evident  that  it  must  be  retained  in 
that  situation  by  some  adequate  |K»toer.  No  such  power,  however, 
would  exist  in  the  case  we.  have  supposed,  which  is  therefore  not 
conformable  to  nature.  In  other  words,  the  spherical  form  is  nai 
the  .figure  of  equilihrium;  and  t/ierefore  the  earth  is  either  not  at 
rest,  or  is  so  internally  constituted  as  to  Mract  the  water  to  its 
equatorial  regions,  and  retain  it  there.  For  the  latter  supposition 
there  is  no  primd  facie  probability,  nor  any  analogy  to  lead  os  to 
such  an  idea.  The  former  is  in  accordance  with  all  the  phenomena 
of  the  apparent  diurnal  motion  of  the  heavens ;  and  therefore,  if  it 
will  furnish  us  with  the  potoer  in  question,  we  can  have  no  hesita* 
tion  in  adopting  it  as  the  true  one. 

(225.)  Now,  every  body  knows  that  when  a  weight  is  whirled 
Fig.  34.  round,  it  acquires  thereby  a  tendency  to  recede 
from  the  centre  of  its  motion ;  which  is  called  the 
'  centrifugal  force.  A  stone  whirled  round  in  a 
sling  is  a  common  illustration ;  but  a  better,  for 
our  present  purpose,  will  be  a  pail  of  water,  sus* 
pended  by  a  cord,  and  made  to  spin  raundy  while 
the  cord  hangs  perpendicularly.  The  surface  of 
the  water,  instead  of  remaining  horizontal,  will 
become  concave,  as  in  the  figure.  The  centri« 
fugal  force  generates  a  tendency  in  all  the  water 
to  leave  the  axis,  and  press  towards  the  circum- 
ference ;  it  is,  therefore,  urged  against  the  pail, 
and  forced  up  its  sides,  till  the  excess  of  height, 
and  consequent  increase  of  pressure  downwards, 
just  counterbalances  its  centrifugal  force,  and  a 
state  of  equilibrium  is  attained.  Tbe  experiment 
is  a  very  easy  and  instructive  one,  and  is  admi- 
rably calculated  to  show  how  the  form  of  equilibrium  acconuno* 
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dates  itself  to  varying  circumstances.  If,  for  example,  we  allow 
the  rotation  to  cease  by  degrees,  as  it  becomes  slower  we  shaU 
see  the  concavity  of  the  water  regularly  diminish ;  the  elevated 
outward  portion  will  descend,  and  the  depressed  central  rise, 
while  all  the  time  a  perfectly  smooth  surface  is  maintained,  till  the 
lotation  is  ezhaosted,  when  the  water  resumes  its  horizontal  state. 

(226.)  Suppose,  then,  a  globe,  of  the  size  of  the  earth,  at  rest, 
and  covered  with  a  uniform  ocean,  were  to  be  set  in  rotation  about 
a  certain  axis,  at  first  very  slowly,  but  by  degrees  more  rapidly, 
till  it  turned  round  once  in  twenty-four  hours ;  a  centrifugal  force 
would  be  thus  generated,  whose  general  tendency  would  be  to 
urge  the  water  at  every  point  of  the  surface  to  recede  from  the  axis. 
A  rotation  might,  indeed,  be. conceived  so  swift  as  to  flirt  the 
whole  ocean  from  the  surface,  like  water  from  a  mop.    But  this 
would  require  a  far  greater  velocity  than  what  we  now  speak  of. 
In  the  case  supposed,  the  weight  of  the  water  would  still  keep  it 
an  the  earth ;  and  the  tendency  to  recede  from  the  axis  could  only 
be  satisfied,  therefore^  by  the  water  leaving  the  poles,  and  flowing 
towards  the  equator ;  there  heaping  itself  up  in  a  ridge,  just  as  the 
water  in  our  pail  accumulates  against  the  side ;  and  being  retained 
in  opposition  to  its  weight,  or  natural  tendency  towards  the  centre, 
by  the  pressure  thus  caused.     This,  however,  could  not  take  place 
without  laying  dry  the  polar  portions  of  the  land  in  the  form  of 
immensely  protuberant  continents ;  and  the  difference  of  our  sup- 
posed cases,  therefore,  is  this: — in  the  former,  a  great  equatorial 
continent  and  polar  seas  would  be  formed  ;  in  the  latter,  protube- 
rant land  would  appear  at  the  poles,  and  a  zone  of  oce^n  be  dis- 
posed around  the  equator.    This  would  be  the  first  or  immediate 
eflect.     Let  us  now  see  what  would  afterwards  happen,  in  the 
two  cases,  if  things  were  allowed  to  take  their  natural  course. 

(227.)  The  sea  is  constantly  beating  on  the  land,  grinding  it 
down,  and  scattering  ks  worn  off  particles  and  fragments,  in  the 
state  of  mud  and  pebbles,  over  its  bed.  Geological  facts  aflbrd 
abundant  proof  that  the  existing  continents  have  all  of  them  under- 
gone this  process,  even  more  than  once,  and  been  entirely  torn 
in  fragments,  or  reduced  to  powder,  and  submerged  and  recon- 
structed. Land,  in  this  view  of  the  subject,  loses  its  attribute  of 
fixity.  As  a  mass  it  might  hold  together  in  opposition  to  forces 
which  the  water  freely  obeys ;  but  in  its  state  of  successive  or 
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fflmultaneous  degradation,  when  disseminated  through  the  water, 
in  the  state  of  sand  or  mud,  it  is  subject  to  all  the  impulses  of  that 
fluid.  In  the  lapse  of  time,  then,  the  protuberant  land  in  both 
cases  would  be  destroyed,  and  spread  over  the  bottom  of  the 
ocean,  filling  up  the  lower  parts,  and  tending  continnally  to  re- 
model the  surface  of  the  solid  nucleus,  in  correspondence  with 
the  form  of  equilibrium  in  both  cases.  Thus,  after  a  sufEcieot 
lapse  of  time,  in  the  case  of  an  earth  at  rest,  the  equatorial  conti- 
nent, thus  forcibly  constructed,  would  again  be  levelled  and  trans- 
ferred to  the  polar  excavations,  and  the  spherical  figure  be  so  at 
length  restored.  In  that  of  an  earth  in  rotation,  the  polar  pro- 
tuberances would  gradually  be  cut  down  and  disappear,  bebg 
transferred  to  the  equator  (as  being  then  the  deqfesl  sea)^  till  the 
earth  would  assume  by  degrees  the  form  we  observe  it  to  have — 
that  of  a  flattened  or  oblate  ellipsoid. 

(228.)  We  are  far  from  meaning  here  to  trace  the  process  by 
which  the  earth  really  assumed  its  actual  form ;  all  we  intend  is, 
to  show  that  this  is  the  form  to  which,  under  the  conditions  of  a 
rotation  on  its  axis,  it  must  tend ;  and  which  it  would  attain,  eren 
if  originally  and  (so  to  speak)  perversely  constituted  otherwise. 

(229.)  But,  further,  the  dimensions  of  the  earth  and  the  time  of 
its  rotation  being  known,  it  is  easy  thence  to  calculate  the  exact 
amount  of  the  centrifugal  force,*  which,  at  the  equator,  appears  to 
be  ii^^th  part  of  the  force  or  weight  by  which  all  bodies,  whether 
solid  or  liquid,  tend  to  fall  towards  the  earth.  By  this  firaction  of 
its  weight,  then,  the  sea  at  the  equator  is  lightened^  and  thereby 
rendered  susceptible  of  being  supported  on  a  higher  level,  or  more 
remote  from  the  centre  than  at  the  poles,  where  no  such  counter- 
acting force  exists ;  and  where,  in  consequence,  the  water  may 
be  considered  as  specifically  heavier.  Taking  this  principle  as  a 
guide,  and  combining  it  with  the  laws  of  gravity  (as  developed 
by  Newton,  and  as  hereafter  to  be  more  fully  explained),  mathe- 
maticians have  been  enabled  to  investigate,  d  priori^  what  would 
be  the  figure  of  equilibrium  of  such  a  body,  constituted  internally 
as  we  have  reason  to  believe  the  earth  to  be ;  covered  wholly  or 
partially  with  a  fluid ;  and  revolving  uniformly  in  twenty-four 
hours ;  and  the  result  of  this  inquiry  is  found  to  agree  very  satis- 
factorily with  what  experience  shows  to  be  the  case.    From  their 

*  NewtoD'i  Princtittt,  iiL  Prop.  19. 
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inyestigations  it  appears  that  the  form  of  equilibrium  is,  in  fact,  no 
other  than  an  oblate  ellipsoid,  of  a  degree  of  ellipticity  very  nearly 
identical  with  what  is  observed,  and  which  would  be  no  doubt 
accurately  so,  did  we  know,  with  precision,  the  internal  constitu- 
tion and  materials  of  the  earth. 

(230.)  The  confirmation  thus  incidentally  furnished,  of  the 
hypothesis  of  the  earth's  rotation  on  its  axis,  cannot  fail  to  strike 
the  reader.    A  deviation  of  its  figure  from  that  of  a  sphere  was 
not  contemplated  among  the  original  reasons  for  adopting  that 
hypothesis,  which  was  assumed  solely  on  account  of  the  easy 
explanation  it  offers  of  the  apparent  diurnal  moti6n  of  the  heavens. 
Yet  we  see  that,  once  admitted,  it  draws  with  it,  as  a  necessary 
consequence,  this  other  remarkable  phenomenon,  of  which  no 
other  satisfactory  account  could  be  rendered.    Indeed,  so  direct 
is  their  connection,  that  the  ellipticity  of  the  earth's  figure  was 
discovered  and  demonstrated  by  Newton  to  be  a  consequence  of 
its  rotation,  and  its  amount  Actually  calculated  by  him,  long  before 
any  measurement  had  suggested  such  a  conclusion.    As  we  ad- 
vance with  our  subject,  we  shall  find  the.  same  simple  principle 
branching  out  into  a  whole  train  of  singular  and  important  conse- 
quences, some  obvious  enough,  others  which  at  first  seem  entirely 
unconnected  with  it,  and  which,  until  traced  by  Newton  up  to 
this  their  origin,  had  ranked  among  the  most  inscrutable  arcana  of 
astronomy,  as  well  as  among  its  grandest  phenomena. 

(231.)  Of  its  more  obvious  consequences,  we  may  here  men- 
tion  one  which  falls  naturally  within  our  present  subject.  If  the 
earth  really  revolve  on  its  axis,  this  rotation  must  generate  a  cen- 
trifugal force  (see  art.  226),  the  effect  of  which  must  of  course  be 
to  counteract  a  certain  portion  of  the  toeight  of  every  body  situ- 
ated at  the  equator,  as  compared  with  its  weight  at  the  poles,  or 
in  any  intermediate  latitudes.  Now,  this  b  fully  confirmed  by 
experience.  There  is  actually  observed  to  exist  a  difference  in 
the  gravity y  or  downward  tendency,  of  one  and  the  same  body, 
when  conveyed  successively  to  stations  in  different  latitudes. 
Experimentis  made  with  the  greatest  care,  and  in  every  accessible 
part  of  the  globe,  have  fully  demonstrated  the  fact  of  a  regular 
and  progressive  increase  in  the  weights  of  bodies  corresponding 
to  the  increase  of  latitude,  and  fixed  its  amount  and  the  law  of 
its  progression.    From  these  it  appears,  that  the  extreme  amount 
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of  this  variation  of  gravity,  or  the  diflference  between  the  equa* 
torial  and  polar  weights  of  one  and  the  same  mass  of  matter,  is  1 
part  in  194  of  its  whole  weight,  the  rate  of  increase  in  travel* 
ling  from  the  equator  to  the  pole  being  as  the  square  of  the  sine  of 
the  latitude, 

(232.)  The  reader  will  here  naturally  inquire,  what  is  tMOsilt  by 
speaking  of  the  same  body  as  having  diflierent  weights  at  different 
stations ;  and,  how  such  a  fact,  if  true,  can  be  ascertained.  Wbea 
we  weigh  a  body  by  a  balance  or  a  steelyard  ^we  do  but  counteraot 
its  weight  by  the  equal  weight  of  another  body  under  the  very 
same  circumstances ;  and  if  both  the  body  weighed  and  its  coun* 
terpeise  be  removed  to  another  station,  their  gravity,  if  changed 
at  all,  will  be  changed  equally,  so  that  they  will  still  continue  to 
counterbalance  each  other.  A  diflference  in  the  intensity  of  gra* 
yity  could,  therefore,  never  be  delected  by  these  means ;  nor  is  it 
in  this  sense  that  we  assert  that  a  body  weighing  194  pounds  at 
the  equator  will  weigh  195  at  the  pole.  If  counterbalanced  in  a 
scale  or  steelyard  at  the  former  station,  an  additional  pound  placed 
in  one  or  other  scale  at  the  latter  would  inevitably  sink  the  beam. 
(233.)  The  meaning  of  the  proposition  may  be  thus  explained : 
— Conceive  a  weight  x  suspended  at  the  equator  by  a  string  with- 
out weight  passing  over  a  pulley.  A,  and 
conducted  (supposing  such  a  thing  possi- 
ble) over  other  pulleys,  such  as  B,  round 
the  earth's  convexity,  till  the  other  end  hung 
down  at  the  pole,  and  there  sustained  the 
weight  y.  If,  then,  the  weights  x  and  y 
were  such  as,  at  any  one  station,  equatorial 
or  polar,  would  exactly  counterpoise  each 
other  on  a  balance,  or  when^  suspended  side 
by  side' over  a  single  pulley,  they  would  not  counterbalance  each 
other  in  this  supposed  situation,  but  the  polar  weight  y  would  pr^ 
ponderate ;  and  to  restore  the  equipoise  the  weight  x  must  be 
increased  by  T77^h  part  of  its  quantity. 

(234.)  The  means  by  which  this  variation  of  gravity  may  be 
shown  to  exist,  and  its  amount  measured,  are  twofold  (like  all 
estimations  of  mechanical  power),  statical  and  dynamical.  The 
former  consists  in  putting  the  gravity  of  a  weight  in  equilibrium, 
not  with  that  of  another  weight,  but  with  a  natural  power  of  a 
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cBfierent  kind  not  liable  to  be  affected  b;  local  ntuation.  8ach  a 
pover  is  the  elastic  force  of  a  spring.  Let  A  B  C  be  a  strong 
rapport  of  brass  standing  on  the  foot  AEJ)  w    tn 

cast  in  one  piece  wilh  it,  into  which  is  let  a 
smooth  plate  of  agate,  D,  which  can  be  ad- 
josted  to  perfect  horizontality  by  a  level.    At 
C  let  a  spiral  spring  G  be  attached,  which 
carries  at  its  lover  esd  a  weight  F,  polished 
and  convex  below.     The  length  and  strength 
of  the  spring  mast  be  so  adjusted  that  the 
weight  F^all  be  sustained  by  it  just  to  swing 
clear  of  contact  with  the  agate  plate  in  the 
b^btest  latitude  at  which  it  is  intended  to  use 
the  instrument.     Then,  if  small  weights  be 
added  cautiously,  it  may  be  made  to  descend 
till  it  just  grazes  the  agate,  a  contact  which  . 
can  be  made  with  the  ntmost  imaginable  deh- 
cacy.     Let  these  weights  be  noted ;  the  weight  F  detached  ;  the 
spring  G  carefully  lifted  off  its  hook,  and  secured,  for  traveliittg, 
from  mst,  strein,  or  disturbance,  and  the  whole  apparatus  conveyed 
to  a  station  in  a  lower  latitude.  It  will  then  be  found,  on  remount- 
ing it,  that,  allhoagh  loaded  with  the  same  additional  weights  as 
before,  the  weight  F  will  no  longer  have  power  enough  to  stretch 
the  spring  to  the  extent  required  for  producing  a  similar  contact. 
More  wei^ts  will  require  to  be  added ;  and  the  additional  quan- 
tity necessary  will,  it  is  evident,  measure  the  difference  of  gravity 
between  the  two  stations,  as  exerted  on  the  whole  quantity  of 
pendent  matter,  i.  e.  the  sum  of  the  weight  of  F  and  half  that  of 
the  spiral  spring  itself.     Granting  that  a  spiral  spring  can  be  con- 
structed of  such  strength  and  dimed^ons  that  a  weight  of  10,000 
grains,  including  its  own,  shall  produce  an  elongation  of  10  inches 
without  permanently  straining  it,*  one  additional  grain  will  pro* 
duce  a  further  extension  of  T^nth  of  &ii  Jnch,  a  quantity  which 

■  Whctbei  Iha  proem*  titovt  dncribei]  could  btct  1>e  io  ftr  parfaded  and  reBam] 
u  lo  becoma  ■  aabititnlB  (or  the  DM  of  the  pendulum  mutt  depend  on  the  dsgiM 
ct  permuieiica  utA  untfbniu^  of  wtion  of  ipiingB,  on  t)w  conMuui;  or  luiatiili^ 
of  theafiect  of  lemperalure  on  tbur  elaitic  force,  oa  Ihe  poadbilit;rof  tnuKqwiting 
thna,  abMlalely  unallered,  turn  plaM  to  place,  Ac  The  great  adrantagei^  ho«k 
«T«,  whkta  eocti  an  kppvatoi  And  mode  of  obewntkm  would  pcewn,  in  poiiil  if 
cooienience,  cbesptMM,  portalutitj',  and  expedition,  orei  Ih«  prMcnt  laboiiooii 
te£olli^  and  expenaWe  vrocfM,  i«ader  the  Mampt  well  WKth  tnaking- 
10 
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cannot  possibly  be  mistaken  in  such  a  contact  as  that  in  question. 
Thus  we  should  be  provided  with  the  means  of  measuring  the 
power  of  gravity  at  any  station  to  within  Tviwth  of  its  whole 
quantity. 

(235.)  The  other,  or  dynamical  process,  by  which  the  force 
urging  any  given  weight  to  the  earth  may  be  determined,  consists 
in  ascertaining  the  velocity  imparted  by  it  to  the  weight  when 
suflered  to  fall  freely  in  a  given  time«  as  one  second.  This  velocity 
cannot,  mdeed,  be  directly  measured ;  but  indirectly,  the  princi* 
pies  of  mechanics  furnish  an  easy  and  certain  means  of  deducing 
it,  and,  consequently,  the  intensity  of  gravity,  by  observing  the 
oscillations  of  a  pendulum.  It  is  proved  from  mechanical  princir 
pies,*  that,  if  one  and  the  same  pendulum  be  made  to  oscillate  at 
different  stations,  or  under  the  influence  of  different-forces,  and 
the  numbers  of  oscillations  made  in  the  same  time  in  each  case  be 
counted,  the  intensities  of  the  forces  will  be  to  each  other  as  the 
squares  of  the  numbers  of  oscillations  made,  and  thus  their  propor- 
tion becomes  known.  For  instance,  it  is  found  that,  under  the 
equator,  a  pendulum  of  a  certain  form  and  length  makes  86,400 
vibrations  in  a  mean  solar  day;  and  that,  when  transported 
to  London,  the  same  pendulum  makes  86,535  vibrations  in  the 
same  time.  Hence  we  conclude,  that  the  intensity  of  the  force 
urging  the  pendulum  downwards  at  the  equator  is  to  that  at 
London  as  (86,400)'  to  (86,536)%  or  as  1  to  1-00315 ;  or,  in  other 
words,  that  a  mass  of  matter  weighing  in  London  100,000  pounds, 
exerts  the  same  pressure  on  the  ground,  or  the  same  effort  to  crush 
a  body  placed  below  it,  that  100,315  of  the  same  pounds  transport- 
ed to  the  equator  would  exert  there. 

(236.)  Experiments  of  this  kind  have  been  made,  as  above 
stated,  with  the  utmost  care  and  minutest  precaution  to  ensure  ex* 
actness  in  all  accessible  latitudes;  and  their  general  and  final 
result  has  been,  to  give  rif  for  the  fraction  expressing  the  differ- 
ence of  gravity  at  the  equator  and  poles.  Now,  it  will  not  fail  to 
be  noticed  by  the  reader,  and  will,  probably,  occur  to  him  as  an 
objection  against  the  explanation  here  given  of  the  fact  by  the 
earth's  rotation,  that  this  differs  materially  from  the  fraction  5  J^  ex- 
pressing the  centrifugal  force  at  the  equator.  The  difference  by 
which  the  former  fraction  exceeds  the  latter  is  ^ii^,  a  small  quan* 

I 

*  Newton'i  Poocipia,  iL  Piop.  S4.  Cor.  3. 
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ttty  in  itself,  but  still  far  too  large,  compared  with  the  others  id 
question,  not  to  be  distinctly  accounted  for,  and  not  to  prove  fatal 
to  this  explanation  if  it  will  not  render  a  strict  account  of  it. 

(237.)  The  mode  in  which  thb  difierence  arises  affords  a  curious 
and  instructive  example  of  the  indirect  influence  which  mechani- 
cal causes  often  exercise,  and  of  which  astronomy  furnishes  in- 
numerable instances.  The  rotation  of  the  earth  gives  rise  to  the 
centrifugal  force ;  the  centrifugal  force  produces  an  ellipticity  in 
the  form  of  the  earth  itself;  and  this  very  ellipticity  of  form 
modifies  its  power  of  attraction  on  bodies  placed  at  its  surface, 
and  thus  gives  rise  to  the  difierence  in  question.  Here,  then,  we 
have  the  same  cause  exercimngatonce  a  direct  and  an  indirect  in- 
fluence. The  amount  of  the  former  is  easily  calculated,  that  of 
the  latter  with  far  more  difficulty,  by  an  intricate  and  profound 
application  of  geometry,  whose  steps  we  cannot  pretend  to  trace 
in  a  work  like  the  present,  and  can  only  state  its  nature  and  result. 

(238.)  The  weight  of  a  body  (considered  as  undiminished  by 
a  centrifugal  force)  is  the  effect  of  the  earth's  attraction  on  it.  This 
attraction,  as  Newton  has  demonstrated,  consists,  not  in  a  tendency 
of  all  matter  to  any  one  particular  centre,  but  in  a  disposition  of 
every  particle  of  matter  in  the  universe  to  press  towards,  and  if  not 
opposed  to  approach  to,  every  other.  The  attraction  of  the  earth, 
then,  on  a  body  placed  on  its  surface,  is  not  a  simple  but  a  com- 
plex force,  resulting  from  the  separate  attractions  of  all  its  parts. 
Now,  it  is  evident,  that  if  the  earth  were  a  perfect  sphere,  the 
attraction  exerted  by  it  on  a  body  any  where  placed  on  its  surface, 
whether  at  its  equator  or  pole,  must  be  exactly  alike, — ^for  the 
simple  reason  of  the  exact  symmetry  of  the  sphere  in  every  direc- 
tion. It  is  not  less  evident  that,  the  earth  being  elliptical,  and  this 
symmetery  or  similitude  of  all  its  parts  not  existing,  the  same  result 
cannot  be  expected.  A  body  placed  at  the  equator,  and  a  similar 
one  at  the  pole  of  a  flattened  ellipsoid,  stand  in  a  different  geome- 
trical relation  to  the  mass  as  a  whole.  This  difference,  without 
entering  further  into  particulars,  may  be  expected  to  draw  with  it 
a  difference  in  its  forces  of  attraction  on  the  two  bodies.  Calcu- 
lation confirms  this  idea.  It  is  a  question  of  purely  mathematical 
mvestigation,  and  has  been  treated  with  perfect  clearness  and 
precision  by  Newton,  Maclaurin,  Clairaut,  and  many  other  eminent 
geometers ;  and  the  result  of  their  investigations  is  to  show  that, 
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owing  to  the  elliptic  form  of  the  earth  alone,  and  independent  of 
the  centrifugal  force,  its  attraction  oogfat  to  increase  die  weight  of 
a  body  in  going  from  the  equator  to  the  pole  by  almost  exactly 
vi^th  part ;  which,  together  with  ^i^th  due  to  the  centrifugal  force, 
mak^  up  the  whole  quantity,  li^th,  observed. 

(239.)  Another  great  geographical  phenomenon,  which  owes 
its  existence  to  the  earth's  rotation,  is  that  of  the  trade- winds. 
These  mighty  currents  in  our  atmosphere,  on  which  so  important 
a  part  of  navigation  depends,  arise  from,  1st,  the  unequal  exposure 
of  the  earth's  surface  to  the  sun's  rays,  by  which  it  is  unequally 
heated  in  different  latitudes ;  and,  2dly,  fix>m  that  general  law  in 
the  constitution  of  all  fluids,  in  virtue  of  which  they  occupy  a 
larger  bulk,  and  become  specifically  lighter  when  hot  than  when 
cold.  These  causes,  combined  with  the  earth's  rotation  from  west 
to  east,  afibrd  an  easy  and  satisfiactory  explanation  of  the  magnifi- 
cent phenomena  in  question. 

(240.)  It  is  a  matter  of  observed  feet,  of  which  we  shall  give 
the  explanation  farther  on,  that  the  sun  is  constantly  vertical  over 
some  one  or  other  part  of  the  earth  between  two  parallels  of  lati* 
tude,  called  the  tropics,  respectively  23^°  north,  and  as  inuch  south 
of  the  equator;  and  that  the  whole  of  that  zone  or  belt  of  the 
earth's  surface  included  between  the  tropics,  and  equally  divided 
by  the  equator,  is,  in  consequence  of  the  great  altitude  attained  by 
the  sun  in  its  diurnal  course,  maintained  at  a  much  bi^er  tempera* 
ture  than  those  regions  to  the  north  and  south  which  lie  nearer 
the  poles.  Now,  the  heat  thus  acquired  by  the  earth's  surface  is 
communicated  to  the  incumbent  air,  which  is  thereby  expanded, 
and  rendered  specifically  lighter  than  the  air  incumbent  on  the  rest 
of  the  globe.  It  is  therefore,  in  obedience  to  the  general  laws  of 
hydrostatics,  displaced  and  buoyed  up  from  the  surfece,  and  its 
place  occupied  by  colder,  and  therefore  heavier  air,  which  glides 
in,  on  both  sides,  along  the  surface,  from  the  regions  beyond  the 
tropics ;  while  the  displaced  air,  thus  raised  above  its  due  level, 
and  unsustained  by  any  lateral  pressure,  flows  over,  as  it  were,  and 
forms  an  upper  current  in  the  contrary  direction,  or  towards  the 
poles ;  which,  being  cooled  in  its  course,  and  also  sucked  down  to 
supply  the  deficiency  in  the  extra4ropical  regions,  keeps  up  thus 
a  continual  circulation. 

(241.)  Since  the  earth  revolves  about  an  axis  passing  through 


XRADS  WINDS.  149 

die  poleSy  the  equatorial  portion  of  its  saiiace  has  the  greatest 
Telocity  of  rotation,  and  all  other  parts  less  in  the  proportion  of 
the  radii  of  the  circles  of  latitude  to  which  they  correspond.  But 
as  the  air,  when  relatively  and  apparently  at  rest  on  any  part  of 
the  earth's  surface,  is  only  so  because  in  reality  it  participates  in 
the  motion  of  rotation  proper  to  that  part,  it  follows  that  when  a 
mass  of  air  near  the  poles  is  transferred  to  the  region  near  the  equa- 
tor by  any  impulse  uigmg  it  directly  towards  that  circle,  in  every 
pcMOt  of  its  progress  towards  its  new  situation  it  must  be  found 
deficient  in  rotatory  velocity,  and  therefore  unable  to  keep  up  with 
the  speed  of  the  new  surface  over  which  it  is  brought  Hence, 
the  currents  of  air  which  set  in  towards  the  equator  from  the  north 
and  south  must,  as  they  glide  along  the  surface,  at  the  same  time 
lag,  or  hang  back,  and  drag  upon  it  in  the  direction  opposite  to  the 
earth's  rotation,  t.  e.  from  east  to  west.  Thus  these  currents,  which 
but  for  the  rotation  would  be  simply  northerly  and  southerly  winds, 
acquire,  from  this  cause,  a  relative  direction  towards  the  west,  and 
assume  the  character  of  permanent  north-easterly  and  south-easterly 
winds. 

(242.)  Were  any  considerable  mass  of  air  to  be  suddenly  tran»" 
ferred  from  beyond  the  tropics  to  the  equator,  the  difference  of  the 
rotatory  velocities  proper  to  the  two  situations  would  t>e  so  great  as 
to  produce  not  merely  a  wind,  but  a  tempest  of  the  most  destructive 
yiolence.  But  this  b  not  the  case :  the  advance  of  the  air  from 
the  north  and  south  is  gradual,  and  all  the  while  the  earth  is  con- 
tinually acting  on,  and  by  the  friction  of  its  surface  accelerating 
its  rotatory  velocity.  Supposing  its  progress  towards  the  equator  to 
cease  at  any  point,  this  cause  would  almost  immediately  commu- 
nicate to  it  the  deficient  motion  of  rotation,  after  which  it  would 
revolve  quietly  with  the  earth,  and  be  at  relative  rest.  We  have 
only  to  call  to  mind  the  comparative  thinness  of  the  coating  which 
the  atmosphere  forms  around  the  globe  (art.  35),  and  the  immense 
mass  of  the  latter,  compared  with  the  former  (which  it  exceeds  at 
least  100,000,000  times),  to  appreciate  fully  the  absolute  command 
of  any  extensive  territory  of  the  earth  over  the  atmosphere  imme- 
diately incumbent  on  it,  in  point  of  motion. 

(243.)  It  follows  from  this,  then,  tiiat  as  the  winds  on  both  sides 
approach  the  equator,  their  easterly  tendency  must  diminish.* 

*  See  Captain  Hall's  **  Fragments  of  Voyages  and  Travels,"  2d  series,  toL  i.  p. 
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The  lengths  of  the  diurnal  circles  increase  very  slowlj  in  the 
immediate  vicinity  of  the  equator,  and  for  several  degrees  on  either 
side  of  ^  it  hardly  change  at  all.  Thus  the  firiction  of  the  surface 
has  more  time  to  act  in  accelerating  the  velocity  of  the  air,  bring- 
ing it  towards  a  state  of  relative  rest,  and  diminishing  thereby  the 
relative  set  of  the  currents  from  east  to  west,  which,  on  the  other 
hand,  is  feebly,  and,  at  length,  not  at  all  reinforced  by  the  cause 
which  originally  produced  it.  Arrived,  then,  at  the  equator,  the 
trades  must  be  expected  to  lose  their  easterly  character  altogether. 
But  not  only  th;s  but  the  northern  and  southern  currents  here 
meeting  and  opposing,  will  mutually  destroy  each  other,  leaving 
only  such  preponderancy  as  may  be  due  to  a  difference  of  local 
causes  acting  in  the  two  hemispheres,— -which  in  some  regions 
around  the  equator  may  lie  one  way,  in  some  another. 

(244.)  The  result,  then,  must  be  the  production  of  two  great 
tropical  belts,  in  the  northern  of  which  a  constant  north-easterly, 
and  in  the  southern  a  south-easterly,  wind  must  prevail,  while  the 
winds  in  the  equatorial  belt,  which  separates  the  two  former,  should 
be  comparatively  calm  and  free  from  any  steady  prevalence  of 
easterly  character.  All  these  consequences  are  agreeable  to  ob- 
served feet,  and  the  system  of  aerial  currents  above  described  con- 
stitutes in  reality  what  is  understood  by  the  regular  trade  winds. 

(245.)  The  constant  friction  thus  produced  between  the  earth 
and  atmosphere  in  the  regions  near  the  equator  must  (it  may  be 
objected)  by  degrees  reduce  and  at  length  destroy  the  rotation  of 
the  whole  mass.  The  laws  of  dynamics,  however,  render  such  a 
consequence,  generally,  impossible ;  and  it  iis  easry  to  see,  in  the 
present  case,  where  and  how  the  compensation  takes  place.  The 
heated  equatorial  air,  while  it  rises  and  flows  over  towards  the 
poles,  carries  with  it  the  rotatory  velocity  due  to  its  equatorial 
situation  into  a  higher  latitude,  where  the  earth's  surface  has  less 
motion.  Hence,  as  it  travels  northward  or  southward,  it  will  gain 
continually  more  and  more  on  the  surface  of  the  earth  in  its  diurnal 
motion,  and  assume  constantly  more  and  more  a  westerly  relative 
direction ;  and  when  at  length  it  returns  to  the  surface,  in  its  cir- 
culation, which  it  must  do  more  or  less  in  all  the  interval  between 
the  tropics  and  the  poles,  it  will  act  on  it  by  its  friction  as  a 

162,  where  this  Ib  Teiy  distinctly,  and,  so  ikr  as  I  am  aware,  for  the  first  tifae, 
leaaoned  oat. 
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powerful  south-west  wind  in  the  northern  hemisphere,  and  a  north- 
west in  the  southern,  and  restore  to  it  the  impulse  taken  up  from 
it  at  the  equator.  We  have  here  the  origin  of  the  south-west  and 
westerly  gales  so  prevalent  in  our  latitudes,  and  of  the  almost  uni- 
Tersal  westerly  winds  in  the  North  Atlantic,  which  are,  in  fact, 
nothing  else  than  a  part  of  the  general  system  of  the  re-action  of 
the  trades,  and  of  the  process  by  which  the  equilibrium  of  the 
earth's  motion  is  maintained  under  their  action.* 

(246.)  In  order  to  construct  a  map  or  model  of  the  earth,  and 
obtain  a  knowledge  of  the  distribution  of  sea  and  land  over  its 
surface,  the  forms  of  the  outlines  of  its  continents  and  islands,  the 
courses  of  its  rivers  and  mountain  chains,  and  the  relative  situa* 
tions,  with  respect  to  each  other,  of  those  points  which  chiefly 
interest  us,  as  centres  of  human  habitation,  or  from  other  causes, 
it  is  necessary  to  possess  the  means  of  determining  correctly  the 
ntuation  of  any  proposed  station  on  its  surface.  For  this  two 
elements  require  to  be  known,  the  latitude  and  longitude,  the  for- 
mer assigning  its  distance  from  the  poles  or  the  equator,  the  latter, 
the  meridian  on  which  that  distance  is  to  be  reckoned.  To  these, 
in  strictness,  should  be  added,  its  height  above  the  sea  level ;  but 
the  consideration  of  this  had  better  be  deferred,  to  avoid  compli- 
cating the  subject. 

(247.)  The  latitude  of  a  station  on  a  sphere  would  be  merely 
the  length  of  an  arc  of  the  meridian,  intercepted  between  the  sta-: 
tion  and  the  nearest  point  of  the  equator,  reduced  into  degrees. 
(See  art.  88.)  But  as  the  earth  is  elliptic,  this  mode  of  conceiving 
latitudes  becomes  inapplicable,  and. we  are  compelled  to  resort  for 
our  definition  of  latitude  to  a  generalization  of  that  property  (art. 

*  As  it  ii  our  objeet  merely  to  illustrtte  &e  mode  in  which  the  earth's  rotation 
affects  the  atmosphere  on  the  great  scale,  we  omit  all  consideration  of  local  peri- 
odical winds,  such  as  monsoons,  dec 

It  seems  worth  inquiry,  whether  hurricanes  in  tropical  climates  may  not  arise 
fifom  portions  of  the  upper  currents  prematurely  diverted  downwards  before  their 
lelatiYe  velocity  has  been  sufficiently  reduced  by  friction  on,  and  gradual  mixing 
with,  the  lower  strata ;  and  so  dashing  upon  the  earth  with  that  tremendous  velo- 
city which  g^yes  them  their  destructiye  character,  and  of  which  hardly  any  rational 
account  has  yet  been  given.  But  it  by  no  means  follows  that  this  must  always  be 
the  case.  In  general,  a  rapid  transfer,  either  way,  in  latitude,  of  any  mass  of  air 
which  local  or  temporary  causes  might  carry  ahove  the  immediaie  reach  of  the 
friction  of  the  eartks  turfaee,  would  give  a  fearful  exaggeration  to  its  velocity. 
Wherever  such  a  mass  should  strike  the  earth,  a  hurricane  might  arise;  and 
should  two  such  masses  encounter  in  mid  air,  a  tornado  of  any  degree  of  intensi^ 
on  record  might  easily  result  from  their  combination. 
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119)y  which  aflbrds  the  readiest  means  of  determining  it  by  obser- 
vation,  and  which  has  the  advantage  of  being  independent  of  the 
figure  of  the  earth,  which,  afler  all,  is  not  exactly  an  ellipsoid,  or  any 
known  geometrical  solid.  The  latitude  of  a  station,  then,  is  the 
altitude  of  the  elevated  pole,  and  is,  therefore,  astronomically  de- 
termined by  those  methods  already  explained  for  £^scertaining  that 
iipportant  element.  In  consequence,  it  will  be  remembered  that, 
to  make  a  perfectly  correct  map  of  the  whole,  or  any  part  of  the 
earth's  surface,  equal  differences  of  latitude  are  not  represented  by 
exactly  equal  intervals  of  surface. 

(248.)  For  the  purposes  of  geodesical*  measurements  and  trigo- 
nometrical suri^eys,  an  exceedingly  correct  determination  of  the 
latitudes  of  the  most  important  stations  is  required.  For  this  pur- 
pose, therefore,  the  zenith  sector  (an  instrument  capable  of  great 
precision)  is  most  commonly  used  to  observe  stars  passing  the 
meridian  near  the  zenith,  whose  declinations  have  become  known 
by  previous  long  series  of  observations  at  fixed  observatories,  and 
which  are  therefore  called  standard  or  fundamental  stars.  Recently 
a  methodf  has  been  employed  with  great  success,  which  consists 

Fig.  37. 


in  the  use  of  an  instrument  similar  in  every  respect  to  the  transit 
instrument,  but  having  the  plane  of  motion  of  the  telescope  not 

*  r^,  the  earth;  Jitftj  (from  imt  to  bind),  a  joining  or  connexion  (of  parts), 
f  Devised  originally  by  Romer.    Revived  or  re*invented  by  Bessel. — A^tr,  Nachr. 
Ko.  40. 


DimMZHAXIOV  OV  LAtXTUMS.  168 

ooincideDt  with  the  meridiaii,  but  with  the  prime  rertical,  so  that 
its  axis  of  rotation  prolonged  passes  through  the  north  and  south 
points  of  the  horizon.  Let  A  B  C  D  be  the  celestial  hemisphere 
projected  on  the  horizon,  P  the  pole,  Z.the  zenith,  A  B  the  meri- 
dian, C  D  the  prime  Yertical,  Q  R  S  part  of  the  diurnal  circle  of  a 
star  passing  near  the  zenith,  whose  polar  distance  P  R  is  but  little 
greater  than  the  co-latitude  of  the  place,  or  the  arc  PZ,  between  the 
zenith  and  pole  (art.  112).  Then  the  moments  of  this  star's  arrival 
on  the  prime  yertical  at  Q  and  S  will,  if  the  instrument  be  correctly 
adjusted,  be  those  of  its  crossing  the  middle  whe  in  the  field  of 
vrew  of  the  telescope  (art.  160).  Consequently  the  interval  be- 
tween these  moments  will  be  the  time  of  the  star  passing  from  Q 
to  S,  or  the  measure  of  the  diurnal  arc  Q  R  S,  which  corresponds 
to  the  angle  Q  P  S  at  the  pole.  This  angle,  therefore,  becomes 
known  by  the  mere  akservaiion  of  an  intervul  of  /ime,  in  which  it 
is  not  even  necessary  to  know  the  error  of  the  clock,  and  in  which, 
when  the  star  passes  near  the  zenith,  so  that  the  interval  in  ques- 
tion is  small,  even  the  rak  of  the  clock,  or  its  gain  or  loss  on  true 
sidereal  time,  may  be  neglected.  Now  the  angle  Q  P  S,  or  its 
half  Q  P  R,  and  P  Q  the  polar  distance  of  the  star,  being  known, 
P  Z  the  zenith  distance  of  the  pole  ciain  be  calculated  by  the  reso- 
lution of  the  right-angled  spherical  triangle  P  Z  Q,  and  thus  the 
co-latitude  (and  of  course  the  latitude)  of  the  place  of  observatioa 
becomes  known.  The  advantages  gained  by  this  mode  of  obser- 
ration  are,  1st,  that  no  readings  of  a  divided  arc  are  needed,  so 
that  errors  of  graduation  and  reading  are  avoided :  2dly,  that  the 
arc  Q  R  S  is  very  much  greater  than  its  versed  sine  R  Z,  so  that 
the  difference  R  Z  between  the  latitude  of  the  place  and  the  decli- 
nation of  the  star  is  given  by  the  observation  of  a  magnitude  very 
much  greater  than  itself,  or  is,  as  it  were,  observed  on  a  greatly 
enlarged  scale.  In  consequence,  a  very  minute  error  is  entailed 
on  RZ  by  the  commission  of  even  a  considerable  one  in  Q  R  S : 
3dly,  that  in  this  mode  of  observation  all  the  merely  instrumental 
errors  which  affect  the  ordinary  use  of  the  transit  instrument  are 
either  uninfluential  or  eliminated  by  simply  reversing  the  axis. 

(249.)  To  determine  the  latitude  of  a  station,  then,  is  easy.  It 
is  otherwise  with  its  longitude,  whose  exact  determination  is  a 
matter  of  more  difficulty.  The  reason  is  this : — as  there  are  no 
meridians  marked  upon  the  earth,  any  more  than  parallels  of  lati- 
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tude,  we  are  obliged  in  this  case,  as  in  the  case  of  the  latitude,  to 
resort  to  marks  external  to  the  earth,  t.  e.  to  the  heavenly  bodies, 
for  the  objects  of  our  measurement ;  but  with  this  difference  in 
the  two  cases — to  observers  situated  at  stations  on  the  same  meru 
Han  (».  e.  differing  in  latitude)  the  heavens  present  different  aspects 
at  all  moments.  The  portions  of  them  whiph  become  visible  in  a 
complete  diurnal  rotation  are  not  the  same,  and  stars  which  are 
common  to  both  describe  circles  differently  inclined  to  their  hori- 
zons, and  differently  divided  by  them,  and  attain  difierent  altitudes. 
On  the  other  hand,  to  observers  situated  on  the  same  parallel  (t,  e. 
differing  only  in  longitude)  the  heavens  present  the  same  aspects. 
Their  visible  portions  are  the  same ;  and  the  same  stars  describe 
circles  equally  inclined,  and  similarly  divided  by  their  horizons, 
and  attain  the  same  altitudes.  In  the  former  case  there  is,  in  the 
latter  there  is  noty  any  thing  in  the  appearance  of  the  heavens, 
watched  through  a  whole  diurnal  rotation,  which  indicates  a  dif* 
ference  of  locality  in  the  observer. 

(250.)  But  no  two  observers,  at  different  points  of  the  earth's 
surface,  can  have  at  the  same  instant  the  same  celestial  hemisphere 
visible.  Suppose,  to  fix  our  ideas,  an  observer  stationed  at  a  given 
point  of  the  equator,  and  that  at  the  moment  when  he  noticed 
some  bright  star  to  be  in  his  zenith,  and  therefore  on  his  meridian, 
he  should  be  suddenly  transported,  in  an  instant  of  time,  round 
one  quarter  of  the  globe  in  a  westerly  direction,  it  is  evident  that 
he  will  no  longer  have  the  same  star  vertically  above  him :  it  will 
now  appear  to  him  to  be  just  rising,  and  he  will  have  to  wait  six 
hours  before  it  again  comes  to  his  zenith,  t.  e.  before  the  earth's 
rotation  from  west  to  east  carries  him  hack  again  to  the  line  joining 
the  star  and  the  earth's  centre  from  which  he  set  out. 

(261.)  The  difference  of  the  cases,  then,  may  be  thus  stated, 
so  as  to  afford  a  key  to  the  astronomical  solution  of  the  problem 
of  the  longitude.  In  the  case  of  stations  differing  only  in  latitude, 
the  same  star  comes  to  the  meridian  at  the  same  tvmey  but  at  dif- 
ferent altUudes,  In  that  of  stations  differing  only  in  longitude,  it 
comes  to  the  meridian  at  the  same  altitude^  but  at  different  times. 
Supposing,  then,  that  an  observer  is  in  possession  of  any  means 
by  which  he  can  certainly  ascertain  the  time  of  a  known  star's 
transit  across  his  meridian,  he  knows  his  longitude ;  or  if  he  knows 
the  difference  between  its  time  of  transit  across  his  meridian  and 


DBTXRVINATION  OF  LOKeXTtrBBS.  155 

across  that  of  any  other  station,  he  knows  their  difference  of  Ion* 
ptudes.  For  instance,  if  the  same  star  pass  the  meridian  of  a 
place  A  at  a  certain  moment,  and  that  of  fi  exactly  one  hour  of 
sidereal  time,  or  one  twenty-fourth  part  of  the  earth's  diurnal 
period,  later,  then  the  difierence  of  longitude  between  A  and  fi  is 
one  hour  of  time  or  15^  of  arc,  and  B  is  so  much  west  of  A. 

(252.)  In  order  to  a  perfectly  clear  understanding  of  the  prin- 
ciple on  which  the  problem  of  finding  jhe  longitude  by  astronomic 
cal  observations  is  resolved,  the  reader  must  learn  to  distinguish 
between  time,  in  the  abstract,  as  common  to  the  whole  universe, 
and  therefore  reckoned  from  an  epoch  independent  of  local  situa- 
tion,  and  local  tisne^  which  reckons,  at  each  particular  place,  from 
an  epoch,  or  initial  instant,  determined  by  local  convenience.  Of 
time  reckoned  in  the  former,  or  abstract  manner,  we  have  an 
example  in  what  we  have  before  defined  as  equinoctial  time, 
which  dates  from  an  epoch  determined  by  the  sun's  motion  among 
the  stars.  Of  the  latter,  or  local  reckoning,  we  have  instances  in 
every  sidereal  clock  in  an  observatory,  and  in  eveiy  town  clock 
fi>r  common  use.  Every  astronomer  regulates,  or  aims  at  regu* 
lating,  bis  sidereal  clock,  so  that  it  shall  indicate  0^  0"*  0%  when 
a  certain  point  in  the  heavens,  called  the  equinox,  is  on  the  meri« 
dian  of  his  station.  This  is  the  epoch  of  his  sidereal  time ;  which 
is,  therefore^  entirely  a  local  reckoning.  It  gives  no  information 
to  saj  that  an  event  happened  at  such  and  such  an  hour  of  side- 
real  time,  unless  we  particularisse  the  station  to  which  the  sidereal 
time  meant  appertains.  Just  so  it  is  with  mean  or  common  time. 
Tliis  is  also  a  local  reckoning,  having  for  its  epoch  mean  noon^  or 
the  average  of  all  the  times  throughout  the  year,  when  the  sun  is 
on  the  meridian  of  that  particular  place  to  which  it  belongs  ;  and, 
therefore,  in  like  manner,  when  we  date  any  event  by  mean  time, 
it  is  necessary  to  name  the  place,  ot*  particularize  what  mean  time 
we  intend.  On  the  other  band,  a  date  by  equinoctial  time  is  abso- 
lute, and  requires  no  such  explanatory  addition. 

(253.)  The  astronomer  sets  and  regulates  his  sidereal  clock  by 
observing  the  meridian  passages  of  the  more  conspicuous  and 
well-known  stars.  Each  of  these  holds  in  the  heavens  a  certain 
determinate  and  known  place  with  respect  to  that  imaginary  point 
called  the  equinox,  and  by  noting  the  times  of  their  passage  in 
succession  by  bis  clock  he  knows  when  the  equinox  passed.    At 
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that  momeDt  his  clock  ought  to  have  marked  0^  0^  0*;  and  if  it 
did  not,  he  knows  and  can  correct  its  error,  and  by  the  agreement 
or  disagreement  of  the  errors  assigned  by  each  star  he  can  ascer- 
tain whether  his  clock  is  correctly  regulated  to  go  twenty-four 
hours  in  one  diurnal  period,  and  if  not,  can  ascertain  and  allow 
for  its  rate.  Thus,  although  his  clock  may  not,  and  indeed  can- 
not,  either  be  set  correctly,  or  go  truly,  yet  by  applying  its  error 
and  rate  (as  they  are  technically  termed),  he  can  correct  its  indi- 
cations, and  ascertain  the  exact  sidereal  times  corresponding  to 
them,  and  proper  to  his  locality.  This  indispensable  operation  is 
called  getting  his  Iwal  time.  For  simplicity  of  explanation,  liow- 
ever^  we  shall  suppose  the  clock  a  perfect  instrument ;  or,  which 
comes  to  the  same  thing,  its  error  and  rate  applied  at  every  moment 
it  is  consulted,  and  included  b  its  indications. 

(254.)  Suppose,  now,  of  two  observers,  at- distant  stations,  A 
and  B,  each,  independently  of  the  other,  to  set  and  regulate  his 
clock  to  the  true  sidereal  time  of  his  station.  It  is  evident  that  if 
one  of  these  clocks  could  be  taken  up  without  deranging  its  gomg, 
and  set  down  by  the  side  of  the  other,  they  would  be  found,  on 
comparison,  to  differ  by  the  exact  difference  of  their  local  epochs ; 
that  is,  by  the  time  occupied  by  the  equinox,  or  by  any  star,  in 
passing  from  the  meridian  of  A  to  that  of  B ;  in  other  words,  by 
their  difference  of  longitude,  expressed  in  sidereal  hours,  mmutes, 
and  seconds. 

(255.)  A  pendulum  clock  cannot  be  thus  taken  up  and  trans- 
ported from  place  to  place  without  derangement,  but  a  chronometar 
may.  Suppose,  then,  the  observer  at  B  to  use  a  chronometer 
instead  of  a  clock,  he  may,  by  bodily  transfer  of  the  instrument  to 
the  other  station,  procure  a  direct  comparison  of  sidereal  times^ 
and  thus  obtam  his  longitude  from  A.  And  even  if  he  employ  a 
clock,  yet  by  comparing  it  first  with  a  good  chronometer,  and  then 
transferring  the  latter  instrument  for  comparison  with  the  other 
clock,  the  same  end  will  be  accomplished,  provided  the  going  of 
the  chronometer  can  be  depended  on. 

(256.)  Were  chronometers  perfect,  nothing  more  complete  and 
convenient  than  this  mode  of  ascertaining  differences  of  longitude 
could  be  desired.  An  observer,  provided  with  such  an  instrument, 
and  with  a  portable  transit,  or  some  equivalent  method  of  deter- 
mining the  local  time  at  any  given  station^  might,  by  journeying 
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irom  place  to  place,  and  observing  the  meridian  passages  of  start 
St  each,  (taking  care  not  to  alter  his  chronometer,  or  let  it  raft 
down,)  ascertain  their  differences  of  longitude  with  any  required 
preciston.  In  this  case,  the  same  time-keeper  being  used  at  every 
station,  if,  at  one  of  them.  A,  it  mark  tme  sidereal  time,  at  snj 
other,  B,  it  will  be  jast  so  much  sidereal  time  in  error  as  the 
difference  of  longitudes  of  A  and  B  is  equivalent  to :  in  other 
words,  the  longitude  of  B  from  A  will  appear  as  the  error  of  the 
time-keeper  on  the  local  time  of  fi.  If  he  trarel  westward,  then 
his  chronometer  will  appear  continually  to  gain,  although  it  really 
goes  correctly.  Suppose,  for  instance,  he  set  out  from  A,  when 
the  equinox  was  on  the  meridian,  or  his  chronometer  at  0*^,  and  in 
twenty-four  hours  (sid.  time)  had  travelled  16°  westward  to  B. 
At  the  moment  of  arrival  there,  his  chronometer  will  again  point 
to  O ;  but  the  equinox  will  be,  not  on  his  new  meridian,  but  on 
that  of  A,  and  he  must  wait  one  hour  more  for  its  arrival  at  that 
of  B.  When  it  does  arrive  there,  then  his  watch  will  point  not  to 
0^  but  to  1^,  and  will  therefore  be  l^^ii^^  on  the  local  time  of  B. 
If  he  travel  eastward,  the  reverse  will  happen. 

(257.)  Suppose  an  observer  now  to  set  out  from  any  station  as 
above  described,  and  c(»istBntly  travelling  westward  to  make  the 
tour  of  the  globe,  and  to  return  from  the  point  he  set  out  from. 
A  singular  consequence  will  happen  :  he  will  have  lost  a  day  in 
bis  reckoning  of  time.  He  wiQ  enter  the  day  of  his  arrival  in  his 
diary,  as  Monday,  for  instance,  when.  In  fact,  it  is  Tuesday.  The 
reason  is  obvious.  Days  and  nights  are  caused  by  the  alternate 
appearance  of  the  sun  and  stars,  as  the  rotation  of  the  earth  carries 
the  spectator  round  to  view  them  in  succession.  So  many  turns 
as  he  makes  absolutely  round  the  centre,  so  often  will  he  pass 
through  the  earth's  shadow,  and  emerge  into  light,  and  so  many 
nights  and  days  will  he  experience.  But  if  he  travel  once  round 
the  globe  in  the  direction  of  its  motion,  he  will,  on  his  arrival, 
have  really  made  one  turn  more  round  its  centre ;  and  if  in  the 
opposite  direction,  one  turn  less  than  if  he  had  remained  upon  one 
point  of  its  sur&ce :  in  the  former  case,  then,  he  will  have  witness* 
ed  one  alternation  of  day  and  night  more,  in  the  latter  one  less, 
than  if  he  had  trusted  to  die  rotation  of  the  earth  alone  to  cany  him 
loand.  As  the  earth  revolves  from  west  to  east,  it  follows  that  a 
westward  direction  of  his  journey^  by  which  he  counteracts  its 
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rotation,. will  cause  bim  to  lose  a  day, 'and  an  eastward  directioDi 
by  whicb  be  conspires  witb  it,  to  gain  one.  In  tbe  former  case, 
bU  bis  days  will  be  longer ;  in  tbe  latter,  sborter  tban  tbose  of  a 
stationary  observer.  Tbis  contingency  bas  actually  bappened  to 
circumnavigators.  Hence,  also,  it  must  necessarily  bappen  tbat 
distant  settlements,  on  the  same  meridian^  will  differ  a  day  in  tbeir 
usual  reckoning  of  time,  according  as  tbey  bave  been  colonized 
by  settlers  arriving  in  an  eastward  or  in  a  westward  direction, — a 
circumstance  wbicb  may  produce  strange  confusion  wben  they 
come  to  communicate  witb  eacb  otber.  Tbe  only  mode  of  cor* 
reeling  tbe  ambiguity,  and  settling  tbe  disputes  wbicb  sucb  a 
difference  may  give  rise  to,  consists  in  baving  recourse  to  tbe 
equinoctial  date,  wbicb  can  never  be  ambiguous. 

(258.)  Unfortunately  fot  geography  and  navigation,  tbe  cbrono« 
meter,  tbougb  greatly  and  indeed  wonderfully  improved  by  the 
skill  of  modern  artists,  is  yet  far  too  imperfect  an  instrument  to  be 
relied  on  implicitly*  However  sucb  an  instrument  may  preserve 
its  uniformity  of  rate  for  a  few  hours,  or  even  days,  yet  in  long 
absences  from  home  tbe  chances  of  error  and  accident  become  so 
multiplied,  as  to  destroy  all  security  of  reliance  on  even  tbe  best. 
To  a  certain  extent  tbis  may,  indeed,  be  remedied  by  carrying  out 
several,  and  using  them  as  checks  on  eacb  otber ;  but,  besides  the 
expense  and  trouble,  tbis  is  only  a  palliation  of  tbe  evil — tbe  great 
and  fundamental, — as  it  is  tbe  only  one  to  which  the  determination 
of  longitudes  by  time-keepers  is  liable.  It  becomes  necessary,  there- 
fore, to  resort  to  other  means  of  communicating  from  one  station 
to  another  a  knowledge  of  its  local  time,  or  of  propagating  from 
some  principal  station,  as  a  centre,  its  local  time  as  a  universal 
standard  witb  which  the  local  time  at  any  otber,  however  situated, 
may  be  at  once  compared,  and  thus  tbe  longitudes  of  all  places 
be  referred  to  tbe  meridian  of  sucb  central  point. 

(259.)  The  simplest  and  moist  accurate  method  by  which  tbis 
object  can  be  accomplished,  wben  circumstances  admit  of  its 
adoption,  is  tbat  by  telegraphic  signal.  Let  A  and  B  be  two 
observatories,  or  otber  stations,  provided  with  accurate  means  of 
determining^  their  respective  local  timesj  and  let  us  first  suppose 
them  visible  from  eacb  otber.  Tbeir  clocks  being  regulated,  and 
tbeir  erross  and  rates  ascertained  and  applied,  let  a  signal  be  made 
at  A,  of  some  sudden  and  definite  kind,  such  as  the  flash  of  gun# 
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powder,  the  explosion  of  a  rocket,  the  sudden  extinction  of  a 
bright  light,  or  any  other  which  admits  of  no  mistake,  and  can  be 
seen  at  great  distances.  The  moment  of  the  signal  being  made 
must  be  noted  by  each  observer  at  his  respective  clock  or  watch, 
as  if  it  were  the  transit  of  a  star,  or  any  astronomical  phenomenon, 
and  the  error  and  rate  of  the  clock  at  each  station  being  applied, 
the  local  time  of  the  signal  at  each  is  determined.  Consequently, 
when  the  obserrers  communicate  their  observations  of  the  signal 
to  each  other,  since  (owing  to  the  almost  instantaneous  transmis- 
sion of  light)  it  must  have  been  seen  at  the  same  absolute  instant 
by  both,  the  difference  of  their  local  times,  and  therefore  of  their 
longitudes,  becomes  known.  For  example,  at  A  the  signal  b 
observed  to  happen  at  5^  0"^  0*  sid.  time  at  A,  as  obtained  by 
applying  the  error  and  rate  to  the  time  shown  by  the  clock  at  A, 
when  the  signal  was  seen  there.  At  B  the  same  signal  was  seen 
at  5**  4°*  0%  sid.  time  at  B,  similarly  deduced  from  the  time  noted 
by  the  clock  at  B,  by  applying  Us  error  and  rate.  Consequently, 
the  difference  of  their  local  epochs  b  4"^  0*,  which  is  also  their 
difference  of  longitudes  in  time,  or  1^  0'  (V'  in  hour  angle. 

(260.)  The  accuracy  of  the  final  determination  may  be  increased 
by  making  and  observing  several  signals  at  stated  intervals,  each 
of  which  affords  a  comparison  of  times,  and  the  mean  of  all  which 
is,  of  course,  more  to  be  depended  on  than  the  result  of  any  single 
comparison.  By  this  means,  the  error  introduced  by  the  compari- 
son of  clocks  may  be  regarded  as  altogether  destroyed. 

(261.)  The  distances  at  which  signals  can  be  rendered  visible 
must  of  course  depend  on  the  nature  of  the  interposed  country. 
Over  sea  the  explosion  of  rockets  may  easily  be  seen  at  fifty  or 
sixty  miles ;  and  in  mountainous  countries  the  flash  of  gunpowder 
in  an  open  spoon  may  be  seen,  if  a  proper  station  be  chosen  for 
exhibition,  at  much  greater  distances. 

(262.)  When  the  direct  light  of  the  flash  can  no  longer  be  per- 
ceived, either  owing  to  the  convexity  of  the  interposed  segment 
of  the  earth,  or  to  mtervening  obstaclcF,  the  sudden  illumination 
cast  on  the  under  surface  of  the  clouds  by  the  explosion  of  con- 
siderable quantities  of  powder  may  often  be  observed  with  success ; 
and  in  this  way  signals  have  been  made  at  very  much  greater  dis- 
tances. Whatever  means  can  be  devised  of  exciting  in  two  dLstant 
observers  the  same  sensation,  whether  of  sound,  light,  or  visible 
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motion,  Btpredsely  the  same  instant  ofixtM^  may  be  employed  as 
a  longitude  signal.  Wherever,  for  instance,  an  nnbroken  line  of 
electro«telegraphic  connection  has  been,  or  hereafter  may  be,  estab- 
lished, the  means  exist  of  making  as  complete  a  comparison  of 
clocks  or  watches  as  if  they  stood  side  by  side,  so  that  no  method 
more  complete  for  the  determination  of  differences  of  longitude 
can  be  desired.  The  differences  of  longitude  between  the  obser- 
vatories of  New  York,  Washington  and  Philadelphia  have  been 
Tery  recently  determined  in  this  manner  by  tiie  astronomers  of 
those  observatories. 

(263.)  Where  no  such  electric  communication  exists,  however, 
die  interval  between  observing  stations  may  be  increased  by  caus- 
ing the  signals  to  be  made  not  iat  one  of  them,  but  at  an  interme- 
diate point ;  for,  provided  they  are  seen  by  both  parties,  it  is  a 
matter  of  indifference  where  they  are  exhibited.  Still  the  interval 
which  could  be  thus  embraced  would  be  very  limited,  and  the 
method  in  consequence  of  little  use,  but  for  the  following  ingenious 
contrivance,  by  which  it  can  be  extended  to  any  distance,  and  carried 
over  any  tract  of  countiy,  however  difficult 

(264.)  This  contrivance  consists  in  establishing,  between  the  ex- 
treme stations,  whose  difference  of  longitude  is  to  be  ascertained, 
and  at  which  the  local  times  are  observed,  a  chain  of  interme^ 
diate  stations,  alternately  destined  for  signals  and  for  observers. 
Thus,  let  A  and  Z  be  the  extreme  stations.  At  B  let  a  signal  station 
be  established,  at  which  rockets,  &c.,  are  fired  at  stated  intervals. 
At  C  let  an  observer  be  pladed,  provided  with  a  chronometer ;  at 
D,  another  signal  station ;  at  E,  another  observer  and  chronometer; 
till  the  whole  line  is  occupied  by  stations  so  arranged,  that  the 
sigpial  at  B  can  be  seen  from  A  and  C ;  those  at  D,  from  C  and  E ; 
and  so  on.  Matters  being  thus  arranged,  and  the  errors  and  rates 
of  the  clocks  Bt  A  and  Z  ascertained  by  astronomical  observation, 
let  a  signal  be  made  at  B,  and  observed  at  A  and  C,  and  the  times 
noted.  Thus  the  difference  between  A's  clock  and  Cs  chrono- 
meter becomes  known.  After  a  short  interval  (five  minutes  for 
instance)  let  a  signal  be  made  at  D,  and  observed  by  C  and  £. 
Then  will  the  difference  between  their  respective  chronometers  be 
determined ;  and  the  difference  between  the  former  and  the  clock 
at  A  being  already  ascertained,  the  difference  between  the  clock 
A  and  chropometer  E  is  therefore  known.    This,  however,  sup* 
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poses  that  the  intermediate  chronometer  C  has  kept  true  sidereal 
time,  or  at  least  a  known  rate,  in  the  interval  between  the  signals. 

Pig.  38  i 
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Now  this  interral  is  purposely  made  so  very  short,  that  no  instru- 
ment of  any  pretensions  to  character  can  possibly  produce  an  ap- 
preciable amount  of  error  in  its  lapse  by  deviations  from  its  usual 
rate.  Thus  the  time  propagated  from  A  to  C  may  be  considered 
as  handed  over,  without  gain  or  loss  (save  from  error  of  observa- 
tion), to  £.  Similarly,  by  the  signal  made  at  F,  and  obsen*ed  at 
£  and  Z,  the  time  so  transmitted  to  £  is  forwarded  on  to  Z ;  and 
thus  at  length  the  clocks  at  A  and  Z  are  compared.  The  process 
may  be  repeated  as  often  as  is  necessary  to  destroy  error  by  a  mean 
of  results;  and  when  the  line  of  stations  is  numerous,  by  keeping 
up  a  succession  of  signals,  so  as  to  allow  each  observer  to  note 
alternately  those  on  either  side,  which  is  easily  pre-arranged,. many 
comparisons  may  be  kept  running  along  the  line  at  once,  by  which 
time  is  saved,  and  other  advantages  obtained.*  In  important  cases 
the  process  is  usually  repeated  on  several  nights  in  succession. 

(265.)  In  place  of  artificial  signals,  natural  ones,  when  they  occur 
sufficiently  definite  for  observation,  may  be  equally  employed.  In 
a  clear  night  the  number  of  those  singular  meteors,  called  shooting 
stars,  which  may  be  observed,  is  oAen  very  great,  especially  on 
the  9th  and  10th  of  August,  and  some  other  days,  as  November  12 
and  13;  and  as  they  are  sudden  in  their  appearance  and  disap- 
pearance, and  from  the  great  height  at  which  they  have  been 
ascertained  to  take  place  are  visible  over  extensive  regions  of  the 
earth's  surface,  there  is  no  doubt  that  they  may  be  resorted  to 
with  advantage,  by  previous  concert  and  agreement  between  dis- 
tant observers  to  watch  and  note  them.f    Those  sudden  disturb- 

*  For  a  oomplflte  account  of  tiuB  nMthod,  and  Um  mode  of  dedudng  Uie  moat 
adfantageous  remit  from  a  combination  of  all  the  obeervationa,  aee  a  paper  on  the 
dtfiiuence  of  loDgitiidee  of  Greenwich  and  Paris,  PhiL  Tfans.  1826;  by  the  AoUior 
of  this  Tolume. 

t  This  idea  was  first  saggested  by  the  late  Dr.  Maskelyne.  to  wbixn,  however, 
the  practkallj  usefol  fiict  of  their  periodic  lecnrrence  was  onknown.  Mr.  Cooper 
has  thus  emplojed  the  meteon  of  the  lOUi  and  ISth  August,  1847,  to  determip* 
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ances  of  the  magnetic  needle^  to  which  the  name  of  magnetic  shocks 
has  been  given,  have  been  satisfactorily  ascertained  to  be,  very 
often  at  least,  simultaneous  over  whole  continents,  and  in  some, 
perhaps,  over  the  whole  globe.  These,  if  observed  at  magnetic 
observatories  with  precise  attention  to  astronomical  time,  may  be- 
come the  means  of  determining  their  differences  of  lon^tude  with 
more  precision,  possibly,  than  by  any  other  method,  if  a  sufficient 
number  of  remarkable  shocks  be  observed  to  ascertain  their  tWen/t/y, 
about  which  the  intervals  of  time  between  their  occurrence  (exactly 
alike  at  both  stations)  will  leave  no  doubt. 

(266.)  Another  species  of  natural  signal,  visible  at  once  over  a 
whole  terrestrial  hemisphere,  is  afforded  by  the  eclipses  of  Jupiter^s 
satellites,  of  which  we  shall  speak  more  at  large  when  we  come  to 
treat  of  those  bodies.  Every  such  eclipse  is  an  event  which  pos- 
sesses one  great  advantage  in  its  applicability  to  the  purpose  in 
question,  viz.  that  the  time  of  its  happening,  at  any  fixed  station, 
such  as  Greenwich,  can  be  predicted  from  a  long  course  of  previou^ 
recorded  observation  and  calculation  thereon  founded,  and  thai 
this  prediction  ^s  sufficiently  precise  and  certain,  to  stand  in  the 
place  bf  a  corresponding  observation.  So  that  an  observer  at  an) 
other  station  wherever,  who  shall  have  observed  one  or  more  ol 
these  eclipses,  and  ascertained  his  local  time,  instead  of  waiting 
for  a  communication  with  Greenwich  to  inform  him  at  what 
moment  the  eclipse  took  place  there,  may  use  the  predicted  Green- 
urich  time  instead,  and  thence,  at  once,  and  on  the  spot,  determine 
his  longitude.  This  mode  of  ascertaining  longitudes  is,  however, 
as  will  hereafter  appear,  not  susceptible  of  great  exactness,  ami 
should  only  be  resorted  to  when  others  cannot  be  had.  The  nature- 
of  the  observation  also  is  such  that  it  cannot  be  made  at  sea;*  so 
that,  however  useful  to  the  geographer,  it  is  of  no  advantage  to 
navigation. 

the  di&rence  of  loogitudes  of  Markree  and  Mount  Eagle,  in  Ireland.  Thooe  of  the 
lame  epoch  have  aJso  been  used  in  Germany  for  aaoertaining  the  longttadee  of  aeTeral 
stationa,  and  with  veiy  eatiafiictoiy  results. 

*  To  accomplish  this  is  stiU  a  desideratum.  Observing  ehairs,  suspended  with 
studious  precaution  for  ensuring  freedom  of  motion,  have  been  resorted  to^  under 
the  vain  hope  of  mitigating  the  effect  of  the  ship's  oscillation.  The  opposite  course 
seems  more  promising,  va,  to  merely  deaden  the  motion  by  a  somewhat  stiff  suspen- 
sion (as  by  a  ooane  and  rough  cable),  and  by  friction  strings  attached  to  weights 
running  through  loops  (not  pulleys)  fixed  in  the  wood-work  of  the  vessel.  At  leasi, 
such  means  have  been  found  by  the  author  of  singular  efficacy  in  increasing  p^r^^n*! 
comfort  in  the  suipaiMoii  of  a  eot 
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(267.)  Bat  such  phenomena  as  these  are  of  only  occasional  oc- 
carrence ;  and  in  their  intervals,  and  when  cut  off  from  all  com* 
munication  with  any  fixed  station,  it  is  indispensable  to  possess 
some  means  of  determining  longitudes,  on  which  not  only  the 
geographer  may  rely  for  a  knowledge  of  the  exact  position  of  im- 
portant stations  on  land  in  remote  regions,  but  on  which  the  navi- 
gator can  securely  stake,  at  every  instant  of  his  adventurous  course, 
the  lives  of  himself  and  comrades,  the  interest  of  his  country,  and 
the  fortunes  of  his  employers.  Such  a  method  is  afforded  by 
LuHAB  Observations.  Though  we  have  not  yet  introduced  the 
reader  to  the  phenomena  of  the  moon's  motion,  this  will  not  prevent 
us  from  giving  here  the  exposition  of  the  principle  of  the  lunar 
method ;  on  the  contrary,  it  will  be  highly  advantageous  to  do  so, 
since  by  this  course  we  shall  have  to  deal  with  the  naked  principle, 
apart  from  all  the  peculiar  sources  of  difficulty  with  which  the  lunar 
theory  is  encumbered,  but  which  are,  in  fact,  completely  extrane- 
ous to  the  principle  of  its  application  to  the  problem  of  the  longi- 
tudes, which  is  quite  elementary. 

(268.)  If  there  were  in  the  heavens  9  clock  furnished  with  a 
diaJ-plate  and  hands,  which  always  marked  Greenwich  time,  the 
longitude  of  any  station  would  be  at  once  determined,  so  soon  as 
the  local  time  was  known,  by  comparing  it  with  this  clock.  Now, 
the  offices  of  the  dial-plate  and  hands  of  a  clock  are  these : — the 
former  carries  a  set  of  marks  upon  it,  whose  position  is  known ; 
the  latter,  by  passing  over  and  among  these  marks,  informs  us, 
by  the  place  it  holds  with  respect  to  them,  what  it  is  o'clock,  or 
what  time  has  elapsed  since  a  certain  moment  when  it  stood  at 
one  particular  spot. 

(269.)  In  a  clock  the  marks  on  the  dial-plate  are  uniformly  dis- 
tributed all  around  the  circumference  of  a  circle,  whose  centre  is 
that  on  which  the  hands  revolve  with  a  uniform  motion.  But  it  is 
clear  that  we  should,  with  equal  certainty,  though  with  much  more 
trouble,  tell  what  o'clock  it  were,  if  the  marks  on  the  dial-plate 
were  unequally  distributed, — if  the  hands  were  earcentric,  and 
thenr  motion  fiot  uniform,— provided  we  knew,  1st,  the  exact  in- 
tervals round  the  circle  at  which  the  hour  and  minute  marks  were 
placed ;  which  would  be  the  case  if  we  had  them  all  registered  in 
a  table,  from  the  results  of  previous  careful  measurement : — 2dly, 
if  we  knew  the  exact  amount  and  direction  of  excentricity  of  the 
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centre  of  motion  of  the  hands; — and,  ddlj,  if  we  were  fblly 
acquainted  with  all  the  mechanism  which  put  the  hands  in  motion, 
fio  as  to  be  able  to  say  at  every  instant  what  were  their  velocity  of 
movement,  and  so  as  to  be  able  to  calculate,  without  fear  of  error, 
HOW  MUCH  time  should  correspond  to  so  much  angular  movement, 

(270.)  The  visible  surface  of  the  starry  heavens  is  the  dial-plate 
of  our  clock,  the  stars  are  the  fixed  marks  distributed  around  its 
circuit,  the  moon  is  the  moveable  hand,  which,  with  a  motion  that, 
superficially  considered,  seems  uniform,  but  which,  when  carefully 
examined,  is  found  to  be  far  otherwise,  and  which,  regulated  by 
mechanical  laws  of  astonishing  complexity  and  intricacy  in  result, 
though  beautifully  simple  in  principle  and  design,  performs  a 
monthly  circuit  among  them,  passing  visibly  over  and  hiding,  or, 
as  it  is  called,  occulting  some,  and  gliding  beside  and  between 
others ;  and  whose  position  among  them  can,  at  any  moment  when 
it  is  visible,  be  exactly  measured  by  the  help  of  a  sextant,  just  as 
we  might  measure  the  place  of  our  clock-hand  among  the  marks 
on  its  dial-plate  with  a  pair  of  compasses,  and  thence,  firom  the 
known  and  calculated  laws  of  its  motion,  deduce  the  time.  That 
the  moon  does  so  move  among  the  stars,  while  the  latter  hold  con- 
stantly, with  respect  to  each  other,  the  same  relative  position,  the 
notice  of  a  few  nights,  or  even  hours,  will  satisfy  the  commencing 
student,  and  this  is  all  that  at  present  we  require. 

(271.)  There  is  only  one  circumstance  wanting  to  make  our 
analogy  complete.  Suppose  the  hands  of  our  clock,  instead  of 
moving  quite  close  to  the  dial-plate,  were  considerably  elevated 
above,  or  distant  in  front  of  it.  Unless,  then,  in  viewing  it,  we 
kept  our  eye  just  in  the  line  of  their  centre,  we  should  not  see 
them  exactly  thrown  or  projected  upon  their  proper  places  on  the 
dial.  And  if  we  were  either  unaware  of  this  cause  of  optical 
change  of  place,  this  jiKzra/Zax — or  negligent  in  not  taking  it  into 
account — we  might  make  great  mistakes  in  reading  the  time,  by 
referring  the  hand  to  the  wrong  mark,  or  incorrectly  appreciating 
its  distance  from  the  right.  On  the  other  hand,  if  we  took  care 
to  note,  in  every  case  when  we  had  occasion  to  observe  the  time, 
the  exact  position  of  the  eye,  there  would  be  no  difficulty  in 
ascertaining  and  allowing  for  the  precise  influence  of  this  cause  of 
apparent  displacement.  Now,  this  is  just  what  obtains  with  the 
apparent  motion  of  the  moon  among  the  stars.    The  former  (as 
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will  appear)  is  comparatively  near  to  the  earth — ^the  latter  im« 
mensely  distant ;  and  in  consequence  of  our  not  occupying  the 
centre  of  the  earth,  but  being  carried  about  on  its  surface,  and 
constantly  changing  place,  there  arises  a  parallax^  which  displaces 
the  moon  apparently  among  the  stars,  and  must  be  allowed  for 
before  we  can  tell  the  true  place  she  would  occupy  if  seen  from 
the  centre. 

(272.)  Such  a  clock  as  we  have  described  might,  no  doubt,  be 
considered  a  very  bad  one ;  but  if  it  were  our  only  one,  and  if 
bcalculable  interests  were  at  stake  on  a  perfect  knowledge  of 
time,  we  should  justly  regard  it  as  most  precious,  and  think  no 
pains  ill  bestowed  in  studying  the  laws  of  its  movements,  or  in 
^cilitating  the  means  of  reading  it  correctly.  Such,  in  the  par- 
allel we  are  drawing,  is  the  lunar  theory,  whose  object  is  to  reduce 
to  regularity,  the  indications  of^this  strangely  irregular-going  clock, 
to  enable  us  to  predict,  long  beforehand,  and  with  absolute  cer- 
tainty, whertabauts  among  the  stars,  at  every  hour,  minute,  and 
second,  in  every  day  of  every  year,  in  Greenwich  local  time,  the 
moon  nxmld  be  seen  from  the  earth's  centre,  and  will  be  seen  from 
every  accessible  point  of  its  surface;  and  such  is  the  lunar  method 
of  longitudes^  The  moon's  apparent  angular  distance  from  all 
those  principal  and  conspicuous  stars  which  lie  in  its  course,  as 
seen  from  the  earth's  centre,  are  computed  and  tabulated  with  the 
utmost  care  and  precision  in  almanacks  published  under  national 
control.  No  sooner  does  an  observer,  in  any  part  of  the  globe,  at 
sea  or  on  land,  measure  its  actual  distance  from  any  one  of  those 
ttandard  stars  (whose  places  in  the  heavens  have  been  ascertained 
for  the  purpose  with  the  most  anxious  solicitude),  than  he  has,  in 
fact,  performed  that  comparison  of  his  local  time  with  the  local 
times  of  every  observatory  in  the  world,  which  enables  him  to 
ascertain  his  difference  of  longitude  from  one  or  all  of  them. 

(273.)  The  latitudes  and  longitudes  of  any  number  of  points 
on  the  earth^s  surface  may  be  ascertained  by  the  methods  above 
described ;  and  by  thus  laying  down  a  sufficient  number  of  prin- 
cipal points,  and  filling  in  the  intermediate  spaces  by  local  surveys, 
might  maps  of  countries  be  constructed.  In  practice,  however, 
it  is  found  simpler  and  easier  to  divide  each  particular  nation  into 
a  series  of  great  triangles,  the  angles  of  which  are  stations  con- 
spicuously visible  from  each  other.     Of  these  triangles,  the  anglet 
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only  are  measured  by  means  of  the  theodolUej  with  the  exception 
of  one  side  only  of  one  triangle^  which  is  called  a  hose,  and  which 
is  measured  with  every  refinement  which  ingenuity  can  devise  or 
expense  command.  This  hose  is  of  moderate  extent,  rarely  sur- 
passing six  or  seven  miles,  and  purposely  selected  in  a  perfectly 
horizontal  plane,  otherwise  conveniently  adapted  to  the  purposes 
of  measurement.  Its  length  between  its  two  extreme  points  (which 
are  dots  on  plates  of  gold  or  platina  let  into  massive  blocks  of 
stone,  and  which  are,  or  at  least  ought  to  ie,  in  all  cases  preserved 
with  almost  religious  care,  as  monumental  records  of  the  highest 
importance),  is  then  measured,  with  every  precaution  to  ensure 
precision,*  and  its  position  with  respect  to  the  meridian,  as  well  as 
the  geographical  positions  of  its  extremities,  carefully  ascertained. 
(274.)  The  annexed  figure  represents  such  a  chain  of  triangles. 

Fig.  89. 


A  B  is  the  base,  0,  C,  stations  visible  from  both  its  extremities 
(one  of  which,  O,  we  will  suppose  to  be  a  national  observatory, 
with  which  it  is  a  principal  object  that  the  base  should  be  as  closely 
and  immediately  connected  as  possible) ;  and  D,  £,  F,  G,  H,  K, 
other  stations,  remarkable  points  in  the  country,  by  whose  connec- 
tion its  whole  surface  may  be  covered,  as  it  were,  with  a  network 
of  triangles.  Now,  it  is  evident  that  the  angles  of  the  triangle 
A,  B,  C  being  observed,  and  one  of  its  sides,  A  B,  measured,  the 
other  two  sides,  A  C,  B  C,  may  be  calculated  by  the  rules  of  tri- 
gonometry ;  and  thus  each  of  the  sides  A  C  and  B  C  becomes  in 
its  turn  a  base  capable  of  being  employed  as  known  sides  of  other 
triangles.  For  instance,  the  angles  of  the  triangles  A  C  G  and 
B  C  F  being  known  by  observation,  and  their  sides  A  C  and  B  C, 

*  The  greatest  possible  en  or  in  the  Irish  base  of  between  seven  and  eight  miles, 
xiear  Londondeny,  is  supposed  not  to  exceed  two  inches. 
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we  can  theoce  calculate  the  lengths  A  G,  C  G,  and  B  F,  OF. 
Again,  C  G  and  C  F  being  known,  and  the  included  angle  G  C  F, 
G  F  may  be  calculated,  and  so  on.  Thus  may  all  the  stations  be 
accurately  determined  and  laid  down,  and  as  this  process  may  be 
carried  on  to  any  extent,  a  map  of  the  whole  country  may  be  thus 
constructed,  and  filled  in  to  any  degree  of  detail  we  please. 

(275.)  Now,  on  this  process  there  are  two  important  remarks  to 
be  made.  The  first  is,  that  it  is  necessary  to  be  careful  in  the 
selection  of  stations,  so  as  to  form  triangles  free  from  any  very 
great  inequality  in  their  angles.  For  instance,  the  triangle  K  B  F 
would  be  a  very  improper  one  to  determine  the  situation  of  F  from 
observations  at  B  and  K,  because  the  angle  F  being  very  acute, 
a  small  error  in  the  angle  K  would  produce  a  great  one  in  the 
place  of  F  upon  the  line  B  F.  Such  ill-conditioned  triangles, 
therefore,  must  be  avoided.  But  if  this  be  attended  to,  the  accu- 
racy of  the  determination  of  the  calculated  sides  will  not  be  much 
short  of  that  which  would  be  obtained  by  actual  measurement 
(were  it  practicable) ;  and,  therefore,  as  we  recede  from  the  base 
on  all  sides  as  a  centre,  it  will  speedily  become  practicable  to  use 
as  baseSj  the  sides  of  mtich  larger  triangles,  such  as  G  F,  G  H, 
H  K,  &c. ;  by  which  means  the  next  step  of  the  operation  will 
come  to  be  carried  on  on  a  much  larger  scale,  and  embrace  far 
greater  intervals,  than  it  would  have  been  safe  to  do  (for  the  above 
reason)  in  the  immediate  neighbourhood  of  the  base.  Thus  it 
becomes  easy  to  divide  the  whole  face  of  a  country  into  great 
triangles  of  from  30  to  100  miles  in  their  sides  (according  to  the 
nature  of  the  ground),  which,  being  once  well  determined,  may 
be  afterwards,  by  a  second  series  of  subordinatet)perations,  broken 
up  into  smaller  ones,  and  these  again  into  others  of  a  still  minuter 
order,  till  the  final  filling  in  is  brought  within  the  limits  of  personal 
survey  and  draftsmanship,  and  till  a  map  is  constructed,  with  .any 
required  degree  of  detail. 

(276.)  The  next  remark  we  have  to  make  is,  that  all  the 
triangles  in  question  are  not,  rigorously  speaking,  plane^  but 
spherical — existing  on  the  surface  of  a  sphere,  or  rather,  to  speak 
correctly,  of  an  ellipsoid.  In  very  small  triangles,  of  six  or  seven 
miles  in  the  side,  this  maybe  neglected,  as  the  difference  is  imper- 
ceptible ;  but  in  the  larger  ones  it  must  be  taken  into  considera- 
tion.    It  is  evident  that,  as  every  object  used  for  pointing  the 
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telescope  of  a  thedolite  has  some  certain  eleoaium^  not  only  aboTe 
the  soily  but  above  the  leyel  of  the  sea^  and  as,  moreover,  these 
elevations  differ  in  every  instance,  a  reduction  to  the  horizon  of  all 
the  measured  angles  would  appear  to  be  required.  But,  in  fiict, 
by  the  construction  of  the  theodolite  (art.  192),  which  is  nothing 
tie.  40.  more  than  an  altitude  and  azimuth  ii^ 

strument,  this  reduction  is  made  in  the 
rery  act  of  reading  off  the  horizontal 
angles.  Let  E  be  the  centre  of  the  earth ; 
A,  B,  C,  the  places  on  its  spherical  suT' 
face^  to  which  three  stations,  A,  P,  Q,  in 
a  country  are  referred  by  radii  £  A,  E  B 
P,  E  C  Q.  If  a  theodolite  be  stationed 
at  A,  the  axis  of  its  horizontal  circle  will 
point  to  E  when  truly  adjusted,  and  its 
plane  will  be  a  tangent  to  the  sphere  at  A, 
intersecting  the  radii  E  B  P,  E  C  Q,  at  M 
and  N,  above  the  spherical  surface.  The 
telescope  of  the  theodolite,  it  is  true,  is  pointed  in  succession  to 
P,  and  Q ;  but  the  readings  off  of  its  azimuth  circle  give — rwt  the 
angle  P  A  Q  between  the  directions  of  the  telescope,  or  between 
the  objects  P,  Q,  as  seen  from  k\  hut  the  azimvJthal  angle  MAN, 
which  is  the  measure  of  the  angle  A  of  the  spherical  triangle  B  A  C» 
Hence  arises  this  remarkable  circumstance, — that  the  sum  of  the 
three  observed  angles  of  any  of  the  great  triangles  in  geodesical 
operations  is  always  found  to  be  rather  more  than  180°.  Were  the 
earth's  surface  a  plane^  it  ought  to  be  exactly  180°;  and  thisexcesSf 
which  is  called  the  spherical  excess,  is  so  far  from  being  a  proof  of 
incorrectness  in  the  work,  that  it  is  essential  to  its  accuracy,  and 
offers  at  the  same  time  another  palpable  proof  of  the  earth^s  sphe- 
ricity. 

(277.)  The  true  way,  then,  of  conceiving  the  subject  of  a 
trigonometrical  survey,  when  the  spherical  form  of  the  earth  is 
taken  into  consideration,  is  to  regard  the  network  of  triangles  with 
which  the  country  is  covered,  as  the  bases  of  an  assemblage  of 
pyramids  converging  to  the  centre  of  the  earth.  The  theodolite 
gives  us  the  true  measures  of  the  angles  included  by  the  planes  of 
these  pyramids;  and  the  surface  of  an  imaginary  sphere  on  the 
level  of  the  sea  intersects  them  in  an  assemblage  of  spherical 


OOHSTEirCTIOlSr  OF  HAPS.  169 

triangles,  above  whose  angles,  in  the  radii  prolonged,  the  real 
stations  of  observation  are  raised,  by  the  superficial  inequalities 
of  mountain  and  valley.  The  operose  calculations  of  spherical 
trigonometry  which  this  consideration  would  seem  to  render  neces- 
sary for  the  reductions  of  a  survey,  are  dispensed  with  in  practice 
by  a  very  simple  and  easy  rule,  called  the  rvlefor  the  spherical 
excess^  which  is  to  be  found  in  most  works  on  trigonometry.  If 
we  would  take  into  account  the  ellipticity  of  the  earth,  it  may 
also  be  done  by  appropriate  processes  of  calculation,  which,  how- 
ever, are  too  abstruse  to  dwell  upon  in  a  work  like  the  present. 

(278.)  Whatever  process  of  calculation  we  adopt,  the  result 
will  be  a  reduction  to  the  level  of  the  sea,  of  all  the  triangles,  and 
the  consequent  determination  of  the  geographical  latitude  and 
longitude  of  every  station  observed.  Thus  we  are  at  length 
enabled  to  construct  maps  of  countries ;  to  lay  down  the  outlines 
of  continents  and  islands ;  the  courses  of  rivers ;  the  places  of 
cities,  towns  and  villages ;  the  direction  of  mountain  ridges,  and 
the  places  of  their  principal  summits  ;  and  all  those  details  which, 
as  they  belong  to  physical  and  statistical,  rather  than  to  astronomi- 
cal geography,  we  need  not  here  dilate  on.  A  few  words,  how- 
ever, will  be  necessary  respecting  maps,  which  are  used  as  well  in 
astronomy  as  in  geography. 

(279.)  A  map  is  nothing  more  than  a  representation,  upon  a 
plane,  of  some  portion  of  the  surface  of  a  sphere,  on  which  are 
traced  the  particulars  intended  to  be  expressed,  whether  they  be 
continuous  outlines  or  points.  Now,  as  a  spherical  surface*  can 
by  no  contrivance  be  extended  or  projected  into  a  plane,  without 
undue  enlargement  or  contraction  of  some  parts  in  proportion  to 
others ;  and  as  the  system  adopted  in  so  extending  or  projecting 
it  will  decide  what  parts  shall  be  enlarged  or  relatively  contracted, 
and  in  what  proportions ;  it  follows,  that  when  large  portions  of 
the  sphere  are  to  be  mapped  down,  a  great  difierence  in  their  re- 
presentations may  subsist,  according  to  the  system  of  projection 
adopted. 

(280.)  The  projections  chiefly  used  in  maps,  are  the  orthographic^ 
stereographiCj  and  Mercator^s.  In  the  orthographic  projection, 
every  point  of  the  hemisphere  is  referred  to  its  diametral  plane  or 

*  We  here  neglect  the  ellipticity  of  the  earth,  which,  for  auch  a  purpose  at  map- 
making,  la  too  triflmg  to  hate  any  material  inflaence. 
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Fig.  42. 


base,  by  a  perpendicular  let  fall  on  it,  so  that  the  representation 
pj   ^^^  of  the  hemisphere  thus  mapped  on  its  base, 

is  such  as  would  actually  appear  to  an  eye 

placed  at  an  infinite  distance  from  it.     It  is 

obvious,  from  the  annexed  figure,  that  in 

this  projection  only  the  central  portions  are 

represented  of  their  true  forms,  while  all 

the  exterior  is  more  and   more  distorted 

and  crowded  together  as  we  approach  the  edges  of  the  map.  Owing 

to  this  cause,  the  orthographic  projection,  thou^  very  good  for 

small  portions  of  the  globe,  is  of  litde  service  for  large  ones. 

(281.)  The  stereographic  projection  is  in  great  measure  free 

from  this  defect.  To  understand 
this  projection,  we  must  conceive 
an  eye  to  be  placed  at  E,  one  ex- 
tremity of  a  diameter,  £  C  B,  of 
Ae  sphere,  and  to  view  the  concave 
surface  of  the  sphere,  every  point 
of  which,  as  P,  is  referred  to  tbe 
diametrical  plane  A  D  F,  perpen* 
dicular  to  E  B  by  tbe  visual  line 
P  M  E.  The  stiereographic  pro* 
jection  of  a  sphere,  then,  is  a  true 
perspective  representation  of  its 
'  concavity  on  a  diametrical  plane  ; 

and,  as  such,  it  possesses  some  singularly  elegant  geometrical  pro- 
perties, of  which  we  shall  state  one  or  two  of  the  principal. 

(282.)  And  first,  then,  all  circles  on  the  sphere  are  represented 
by  circles  in  the  projection.  Thus  the  circle  X  is  projected  intox. 
Only  great  circles  passing  through  the  vertex  B  are  projected  into 
straight  lines  traversing  the  centre  C :  thus,  B  P  A  is  projected 
into  C  A. 

2dly.  Every  very  small  triangle,  G  H  K,  on  the  sphere,  is  repre- 
sented by  a  similar  triangle,  g  A  &,  in  the  projection.  This  is  a 
very  valuable  property,  as  it  insures  a  general  similarity  of  appear- 
ance in  the  map  to  the  reality  in  all  its  parts,  and  enables  us  to 
project  at  least  a  hemisphere  in  a  single  map,  without  any  violent 
distortion  of  the  configurations  on  the  surface  from  their  real  forms. 
As  in  the  orthographic  projection,  the  borders  of  the  hemisphere 
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are  unduly  crowded  together ;  in  the  stereographic,  their  projected 
dimensions  are,  on  the  contrary,  somewhat  enlarged  in  receding 
from  the  centre. 

(283.)  Both  these  projections  may  be  considered  natural  ones, 
inasmuch  as  they  are  really  perspective  representations  of  the  sur- 
face on  a  plane.  Mercator's  is  entirely  an  artificial  one,  repre- 
senting the  sphere  as  it  cannot  be  seen  from  any  one  point,  but  as 
it  might  be  seen  by  an  eye  carried  successively  over  every  part  of 
it.     In  it,  the  degrees  of  longitude^  and  those  of  latitude^  bear 

Fig.  48. 
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always  to  each  other  their  due  proportion :  the  equator  is  conceived 
to  be  extended  out  into  a  straight  line,  and  the  meridians  are 
straight  lines  at  right  angles  to  it,  as  in  the  figure.  Alt(%ether, 
the  general  character  of  maps  on  this  projection  is  not  very  dis- 
similar to  what  would  be  produced  by  referring  every  point  in  the 
globe  to  a  circumscribing  cylinder,  by  lines  drawn  from  the  centre, 
and  then  unrolling  the  cylinder  into  a  plane.  Like  the  stereo- 
graphic  projection,  it  gives  a  true  representation,  as  to  fornij  of 
every  particular  small  part,  but  varies  greatly  in  point  of  scale  in 
its  diJOferent  regions ;  the  polar  portions  in  particular  being  extra- 
vagantly enlarged ;  and  the  whole  map,  even  of  a  single  hemi- 
sphere, not  being  comprizable  within  any  finite  limits. 

(284.)  We  shall  not,  of  course,  enter  here  into  any  geographical 
details ;  but  one  result  of  maritime  discovery  on  the  great  scale  is, 
so  to  speak,  massive  enough  to  call  for  mention  as  an  astronomical 
feature.  When  the  continents  and  seas  are  laid  down  on  a  globe 
(and  since  the  discovery  of  Australia  and  the  recent  addition  to 
our  antarctic  knowledge  of  Victoria  Land  by  Sir  J.  C.  Ross,  we 
are  sure  that  no  very  extensive  tracts  of  land  remain  unknown), 
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-we  find  that  it  is  possible  so  to  divide  the  globe  into  two  hemi- 
spheres, that  one  shall  contain  nearly  all  the  land;  the  other  being 
almost  entirely  sea.  It  is  a  fact,  not  a  little  interesting  to  Eoglisb- 
men,  and,  combined  with  our  insular  station  in  that  great  highwaj 
of  nations,  the  Atlantic,  not  a  little  explanatory  of  our  commercial 
eminence,  that  London*  occupies  nearly  the  centre  of  the  terres- 
trial hemisphere.  Astronomically  speaking,  the  fact  of  this  divisi- 
bility of  the  globe  into  an  oceanic  and  a  terrestrial  hemisphere  is 
important,  as  demonstrative  of  a  want  of  absolute  equality  in  the 
density  of  the  solid  material  of  the  i  wo  hemispheres.  Considering 
the  whole  mass  of  land  and  water  as  in  a  state  of  equilibrium^  it  is 
evident  that  the  half  which  protrudes  must  of  necessity  be  bttoyant; 
not,  of  course,  that  we  mean  to  assert  it  to  be  lighter  than  toatery 
but,  as  compared  with  the  whole  globe,  in  d  less  degree  heavier 
than  that  fluid.  We  leave  to  geologists  to  draw  from  these  pre- 
mises their  own  conclusions  (and  we  Chink  them  obvious  enough) 
as  to  the  internal  constitution  of  the  globe,  and  the  immediate 
nature  of  the  forces  which  sustain  its  continents  at  their  actual 
elevation ;  but  in  any  future  investigations  which  may  have  for 
their  object  to  explain  the  local  deviations  of  the  mtensity  of 
gravity,  from  what  the  hypothesis  of  an  exact  elliptic  figure  woald 
require,  this,  as  a  general  fact,  ought  not  to  be  lost  sight  of. 

(285?)  Our  knowledge  of  the  surface  of  our  globe  is  incom- 
plete,  unless  it  include  the  heights  above  the  sea  level  of  every 
part  of  the  land,  and  the  depression  of  the  bed  of  the  ocean  below 
the  surface  overall  its  extent.  The  latter  object  is  attainable  (with 
whatever  difficulty  and  howsoever  slowly)  by  direct  sounding ;  the 
former  by  two  distinct  methods :  the  one  consisting  in  trignometri- 
cal  measurement  of  the  difierences  of  level  of  £^11  the  stations  of  a 
survey ;  the  other,  by  the  use  of  the  barometer,  the  principle  of 
which  is,  in  fact,  identical  with  that  of  the  sounding  line.  In  both 
cases  we  measure  the  distance  of  the  point  whose  level  we  would 
know  from  the  surface  of  an  equilibrated  ocean :  only  in  the  one 
case  it  is  an  ocean  of  water ;  in  the  other,  of  air.  In  the  one  case 
our  sounding  line  is  real  and  tangible ;  in  the  other,  an  imaginary 

*  More  exactly,  Falmouth.  The  central  point  of  the  hemuphere  which  oon- 
tains  the  maximum  of  land  falls  very  nearly  indeed  upon  this  port  The  land  in 
the  opposite  hemisphere,  with  exception  of  the  tapering  extremity  of  South  Ame* 
rica  and  the  slender  peninsula  of  Malacca,  is  wholly  insular,  and  were  it  not  for 
New  Holland  would  be  quite  insignificant  in  amount. 
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one,  measured  by  the  length  of  the  colamn  of  quicksilyer  the 
soperincumbent  air  is  capable  of  counterbalancing. 

(286.)  Suppose  that  instead  of  air,  the  earth  and  ocean  were 
coyered  with  oil,  and  that  human  life  could  subsist  under  such 
circumstances.  Let  A  B  C  D  E  be  a  continent,  of  which  the  por- 
tion ABC  projects  above  the  water,  but  is  covered  by  the  oil. 

Fig.  44. 


which  also  floats  at  an  uniform  depth  on  the  whole  ocean.  Then 
if  we  would  know  the  depth  of  any  point  D  below  the  sea  level, 
we  let  down  a  plummet  from  F.  But,  if  we  would  know  the 
height  of  B  above  the  same  level,  we  have  only  to  send  up  a  float 
from  B  to  the  surface  of  the  oil ;  and  having  done  the  same  at  C, 
a  point  at  the  sea  level,  the  difference  of  the  two  float  lines  gives  the 
height  in  question. 

(287.)  Now,  though  the  atmosphere  differs  from  oil  in  not 
having  a  positive  sutface  equally  definite,  and  in  not  being  capable 
of  cariying  up  any  float  adequate  to  such  an  use,  yet  it  possesses 
all  the  properties  of  a  fluid  really  essential  to  tLe  purpose  in  view, 
and  this  in  particular, — that,  over  the  whole  surface  of  the  globe, 
its  strata  of  equal  density  supposed  in  a  state  of  equilibrium,  are 
parallel  to  the  surface  of  equilibrium,  or  to  what  tooidd  be  the  sur- 
face of  the  sea,  if  prolonged  under  the  continents^  and  therefore 
each  or  any  of  them  has  all  the  characters  of  a  definite  surface  to 
measure  from,  provided  it  can  be  ascertained  and  identified.  Now, 
the  height  at  which,  at  any  station  B,  the  mercury  in  a  barometer 
is  supported,  informs  us  at  once  how  much  of  the  atmosphere  is 
incumbent  on  B,  or,  in  other  words,  in  what  stratum  of  the  general 
atmosphere  (indicated  by  its  density)  B  is  situated :  whence  we 
are  enabled  finally  to  conclude,  by  mechanical  reasoning,*  at  what 
height  above  the  sea-level  that  degree  of  density  is  to  be  found 

*  Newton's  Princip.  ii.  Prop.  22. 
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over  the  whole  surface  of  the  globe.  Such  is  the  principle  of  the 
application  of  the  barometer  to  the  measurement  of  heights.  For 
details,  the  reader  is  referred  to  other  works.* 

(288.)  We  will  content  ourselves  here,  with  a  general  caution 
against  an  implicit  dependence  on  barometric  measurements,  ex- 
cept as  a  differential  process,  at  stations  not  too  remote  from  each 
other.  They  rely  in  their  application  on  the  assumption  of  a  state 
of  equilibrium  in  the  atmospheric  strata  over  the  whole  globe — 
which  is  very  far  from  being  their  actual  state  (art.  37.)  Winds, 
especially  steady  and  general  currents  sweeping  over  extensive 
continents,  undoubtedly  tend  to  produce  some  degree  of  conformity 
in  the  curvature  of  these  strata  to  the  general  form  of  the  land- 
surface,  and  therefore  to  give  an  undue  elevation  to  the  mercurial 
column  at  some  points.  On  the  other  hand,  the  existence  of  locali- 
ties on  the  earth's  surface  where  a  permanent  depression  of  the 
barometer  prevails  to  the  astonishing  extent  of  nearly  an  inch,  has 
been  clearly  proved  by  the  observations  of  Ermann  in  Siberia 
and  of  Ross  in  the  Antarctic  Seas,  and  is  probably  a  result  of  the 
same  cause,  and  may  be  conceived  as  complementary  to  an  undue 
habitual  elevation  in  other  regions. 

(289.)  Possessed  of  a  knowledge  of  the  heights  of  stations 
above  the  sea,  we  may  connect  all  stations  at  the  same  altitude  by 
level  lines,  the  lowest  of  which  will  be  the  outline  of  the  sea- 
coast  ;  and  the  rest  will  mark  out  the  successive  coast-lines  which 
would  take  place  were  the  sea  to  rise  by  regular  and  equal  acces- 
sions of  level  over  the  whole  world,  till  the  highest  mountains  were 
submerged.  The  bottoms  of  valleys  and  the  ridge-lines  of  hills 
are  determined  by  their  property  of  intersecting  all  these  level 
lines  at  right  angles,  and  being,  subject  to  that  condition,  the 
shortest  and  longest,  that  is  to  say,  the  steepest,  and  the  most 
gently  sloping  courses  respectively  which  can  be  pursued  from  the 
summit  to  the  sea.  The  former  constitute  <<  the  water  courses"  of 
a  country ;  the  latter  its  lines  of  <<  water-shed^'  by  which  it  is 
divided  into  distinct  basins  of  drainage.  Thus  originate  natural 
districts  of  the  most  ineflaceable  character,  on  which  the  distribu* 
tion,  limits,  and  peculiarities  of  human  communities  are  in  great 


*  Biot,  Aftronomie  Phynqne,  ▼ol.  iii.    Far  lablei,  lee  the  work  of  Biot 
Also  those  of  Oltmann,  annually  published  by  the  French  board  of  longitudes  in 
their  Annuaire ;  and  Mr.  Baiiy's  Ck>llection  of  Aationomical  Tables  and  Formula. 
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measure  dependent.  The  mean  height  of  the  continent  of  Europe, 
or  that  height  which  its  surface  would  have  were  all  inequalities 
levelled  and  the  mountains  spread  equally  over  the  plains,  is 
according  to  Humboldt  671  English  feet;  that  of  Asia,  1137;  of 
North  America,  748;  and  of  South  America,  1151. 


CHAPTER  V. 

OF   UBANOQBAPHY. 

CONSTRUCTION  OF  CELESTIAL  sMAPS  AND  &LOBES  BY  OBSEBVATIONS 
OF  RIGHT  ASCENSION  AND  DECLINATION. — CELESTIAL  OBJECTS 
DISTINGUISHED  INTO  FIXED  AND  ERRATIC: — OF  THE  CONSTEL- 
LATIONS.— ^NATURAL  REGIONS  JN  THE  HEAVENS.* — THE  MILKY 
WAY. — ^THE   ZODIAC. — OF  THE  ECLIPTIC. — CELESTIAL  LATITUDES 

AND  LONGITUDES. — ^PR'ECESSION  OF  THE  EQUINOXES. ^NUTATION. 

^-ABERRATION. — REFRACTION. — PARALLAX. — SUMMARY  VIEW  OF 
THE  URANOGRAPHICAL   CORRECTIONS. 

(290.)  The  determination  of  the  relative  situations  of  objects 
in  the  heavens,  and  the  construction  of  maps  and  globes  which 
shall  truly  represent  their  mutual  configurations  as  well  as  of  cata- 
logues which  shall  preserve  a  more  precise  numerical  record  of 
the  position  of  each,  is  a  task  at  once  simpler  and  less  laborious 
than  that  by  which  the  surface  of  the  earth  is  mapped  and  mea- 
sured. Every  star  in  the  great  constellation  which  appears  to 
revolve  above  us,  constitutes,  so  to  speak,  a  celestial  station ;  and 
among  these  stations  we  may,  as  upon  the  earth,  triangulate,  by 
measuring  with  proper  instruments  their  angular  distances  from 
each  other,  which,  cleared  of  the  effect  of  refraction,  are  then  in 
a  state  for  laying  down  on  charts,  as  we  would  the  towns  and  Til- 
lages of  a  country :  and  this  without  moving  from  our  place,  at 
least  for  all  the  stars  which  rise  above  our  horizon. 

(291.)  Great  exactness  might,  no  doubt,  be  attained  by  this 
means,  and  excellent  celestial  charts  constructed ;  but  there  is  a 
far  simpler  and  easier,  and  at  the  same  time,  infinitely  more  accu- 
rate course  laid  open  to  us  if  we  take  advantage  of  the  earth's 
rotation  on  its  axis,  and  by  observing  each  celestial  object  as  it 
passes  our  meridian,  refer  it  separately  and  independently  to  the 
celestial  equator,  and  thus  ascertain  its  place  on  ihe  surface  of  an 
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imegiiiaiy  s|diere,  whieh  may  be  oooceired  to  revolve  with  it,  and 
on  whieh  it  may  be  considered  as  projected. 

(292.)  The  right  ascension  and  declination  of  a  point  in  the 
heavens  correspond  to  the  longitude  and  latitude  of  a  station  on 
the  earth ;  and  the  place  of  a  star  on  a  celestial  sphere  is  deter* 
mined,  when  the  former  elements  are  known,  just  as  that  of  a 
town  on  a  map,  by  knowing  the  latter.  The  great  advantages 
which  the  method  of  meridian  observation  possesses  over,  that  of 
tnangulation  from  star  to  star,  are,  then,  1st,  That  in  it  every  star 
is  observed  in  that  point  of  its  diurnal  couree,  when  it  is  best  seen 
and  least  displaced  by  refraction.  2dly,  That  the  instruments 
required  (the  transit  and  meridian  circle)  are  the  simplest  and 
least  liable  to  error  or  derangen!ient  of  any  used  by  astronomers, 
ddly.  That  all  the  observations  can  be  made  systematically,  in 
regular  succession,  and  with  equal  advantages;  there  being  here 
no  question  about  advantageous  or  disadvantageous  triangles,  &c. 
And,  lastly,  That,  by  adopting  this  course,  the  very  quantities 
which  we  should  otherwise  have  to  calculate  by  long  and  tedious 
operations  of  spherical  trigonometfy,  and  V9h\oh  are  essential  to 
the  formation  of  a  catalogue,  are  made  the  objects  of  immediate 
measurement.  It  is  almost  needless  to  state,  then,  that  this  is  the 
course  adi^ted  by  astronomers. 

(293.)  To  determine  the  right  ascension  of  a  celestial  object,  all 
AaC  is  necessary  is  to  observe  the  moment  of  its  meridian  passage 
with  a  transit  instrument,  by  a  clock  regulated  to  exact  sidereal 
time,  or  reduced  to  such  far|r  applying  its  known  error  and  rate. 
The  rate  may  be  obtained  by  repeated  observations  of  the  same 
star  at  its  successive  meridian  passages.  The  error^  however, 
requires  a  knowledge  of  the  equinox^  or  initial  point  from  which 
all  right  ascensions  in  the  heavens  reckon,  as  longitudes  do  on  the 
earth  from  a  firstmeridian. 

(294.)  The  nature  of  this  point  will  be  explained  presently ; 
but  for  the  purposes  of  uranography,  in  so  far  as  they  concern 
only  the  actual  configurations  of  the  stars  inter  m,  a  knowledge  of 
the  equinox  is  not  necessary.  The  choice  of  the  equinox,  as  a 
zero  point  of  right  ascensions,  is  purely  artificial,  and  a  matter  of 
convenience :  but  as  on  the  earth,  any  station  (as  a  national  observa* 
toiy)  may  be  chosen  for  an  origin  of  longitudes ;  so  in  uranog*' 
raphy,  any  conspicuous  star  might  be  selected  as  an  initial  pomt 
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from  which  hour  angles  might  be  reckoned,  and  from  which,  bj 
merely  observing  differences  or  intervals  of  time,  the  situation  of 
all  others  might  be  deduced.  In  practice,  these  intervals  are 
affected  by  certain  minute  causes  of  inequality,  which  must  be 
allowed  for,  and  which  will  be  explained  in  their  proper  places. 

(295.)  The  declinations  of  celestial  objects  are.  obtained,  1st, 
By  observation  of  their  meridian  altitudeSj  with  the  mural  or  meri- 
dian circle,  or  other  proper  instruments.  This  requires  a  know- 
ledge of  the  geographical  latitude  of  the  station  of  observation, 
which  itself  is  only  to  be  obtained  by  celestial  observation.  2dly, 
and  more  directly,  by  observation  of  their  polar  distances  on  the 
mural  circle,  as  explained  in  art.  170,  which  is  independent  of 
any  previous  determination  of  the  latitude  of  the  station ;  neither, 
however,  in  this  case,  does  observation  give  directly  and  imme- 
diately the  exact  declinations.  The  observations  require  to  be 
corrected,  first  for  refraction,  and  moreorer  for  those  minute 
causes  of  inequality  which  have  been  just  alluded  to  in  the  case 
of  right  ascensions. 

(296.)  In  this  manner,  then^  may  the  places,  one  among  the 
other,  of  all  celestial  objects  be  ascertained,  and  maps  and  globes 
constructed.  Now  here  arises  a  very  important  question.  How 
far  are  these  places  permanent  ?  Do  these  stars  and  the  greater 
luminaries  of  heaven  preserve  for  ever  one  invariable  connection 
and  relation  of  place  inter  5e,  as  if  they  formed  part  of  a  solid 
though  invisible  firmament ;  and,  like  the  great  natural  land-marks 
on  the  earth,  preserve  immutably  the  same  distances  and  bearings 
each  from  the  other  ?  If  so,  the  most  rational  idea  we  could  form 
of  the  universe  would  be  that  of  an  earth  at  absolute  rest  in  the 
centre,  and  a  hollow  crystalline  sphere  circulating  round  it,  and 
carrying  sun,  moon,  and  stars  along  in  its  diurnal  motion.  If  not, 
we  must  dismiss  all  such  notions,  and  inquire  individually  into  the 
distinct  history  of  each  object,  with  a  view  to  discovering  the  laws 
of  its  peculiar  motions,  and  whether  any  and  what  other  connec- 
tion subsists  between  them. 

(297.)  So  far  is  this,  however,  from  being  the  case,  that  obser- 
vations, even  of  the  most  cursory  nature,  are  sufficient  to  show 
that  some,  at  least,  of  the  celestial  bodies,  and  those  the  most  con- 
spicuous, are  in  a  state  of  continual  change  of  place  among  the 
rest.    In  the  case  of  the  moon,  indeed,  the  change  is  so  rapid 
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and  remarkable,  that  its  alteration  of  situation  with  respect  to  such 
bright  stars  as  may  happen  to  be  near  it  may  be  noticed  any  fine 
night  in  a  few  hours ;  and  if  noticed  on  two  snccessive  nights, 
cannot  fail  to  strike  the  most  careless  observer.  With  the  sun, 
too,  the  change  of  place  among  the  stars  is  constant  and  rapid; 
though,  from  the  invisibility  of  stars  to  the  naked  eye  in  the  day« 
time,  it  is  not  so  readily  recognized,  and  requires  either  the  use  of 
telescopes  and  angular  instruments  to  measure  it,  or  a  longer  con* 
tinuance  of  observation  to  be  struck  with  it  Nevertheless,  it  is 
only  necessary  to  call  to  mind  its  greater  meridian  altitude  in  sum- 
mer than  in  winter,  and  the  fact  that  the  stars  which  come  into 
view  at  night  (and  which  are  therefore  situated  in  an  hemisphere 
opposite  to  that  occupied  by  the  sun,  and  having  that  luminary 
for  its  centre)  vary  with  the  season  of  the  year,  to  perceive  that  a 
great  change  must  have  taken  place  in  that  interval  in  its  relative 
situation  with  respect  to  all  the  stars.  Besidies  the  sun  and  moon, 
too,  there  are  several  other  bodies,  called  planets,  which,  for  the 
most  part,  appear  to  the  naked  eye  only  as  the  largest  and  most 
brilliant  stars,  and  which  offer  the  same  phenomenon  of  a  constant 
change  of  place  among  the  stars ;  now  approaching,  and  now  re* 
ceding  from,  such  of  them  as  we  may  refer  them  to  as  marks;  and 
some  in  longer,  some  in  shorter  periods,  making,  like  the  sun 
and  moon,  the  complete  tour  of  the  heavens. 

(298.)  These,  however,  are  exceptions  to  the  general  rule.  The 
innumerable  multitude  of  the  stars  which  are  distributed  over  the 
vault  of  the  heavens  form  a  constellation,  which  preserves,  not 
only  to  the  eye  of  the  casual  observer,  but  to  the  nice  examination 
of  the  astronomer,  a  uniformity  of  aspect  which,  when  contrasted 
with  the  perpetual  change  in  the  configurations  of  the  sun,  moon, 
and  planets,  may  well  be  termed  invariable.  It  is  true,  indeed, 
that,  by  the  refinement  of  exact  measurements  prosecuted  from  age 
to  age,  some  small  changes  of  apparent  place,  attributable  to  no 
illusion  and  to  no  terrestrial  cause,  have  been  detected  in  many  of 
them.  Such  are  called,  in  astronomy,  the  proper  motions  of  the 
stars.  But  these  are  so  excessively  slow,  that  their  accumulated 
amount  (even  in  those  stars  for  whioh  they  are  greatest)  has  been 
insufficient,  in  the  whole  duration  of  astronomical  history,  to  pro* 
duce  any  obvious  or  material  alteration  in  the  appearance  of  the 
starry  heavens. 
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(29d.)  This  drcumstancei  then,  establishes  a  broad  distiactioa 
of  the  heavenly  bodies  into  two  great  classes; — the  fixed,  among 
which,  (unless  in  a  course  of  observations  continued  for  many  years) 
no  change  of  mutual  situation  can  be  detected;  and  the  erratic,  or 
wandering— -{which  is  implied  in  the  word  planet*) — ^including  the 
sun,  moon,  and  planets,  as  well  as  the  singular  class  of  bodies 
termed  comets,  in  whose  apparent  places  among  the  stars,  and 
among  each  other,  the  observation  of  a  few  days,  or  even  hours, 
is  sufficient  to  exhibit  an  indisputable  alteration. 

(3O0«)  Uranography,  then,  as.  it  concerns  the  fixed  celestial 
bodies  (or  as  they  are  usually  called,  Xhe  fixed  stars)^  is  reduced 
to  a  simple  marking  down  of  their  relative  places  on  a  globe  or  on 
maps ;  to  the  insertion  on  that  globe,  in  its  due  place  in  the  great 
constellation  of  the  stars,  of  the  pole  of  the  heavens,  or  the  vanish- 
ing point  of  parallels  to  the  earth's  axis;  and  of  the  equator  and 
place  of  the  equinox:   points  and  circles  these,  which,. though 
artificial,  and  having  reference  entirely  to  our  earth,  and  therefore 
subject  to  all  changes  (if  any)  to  which  the  earth's  axis  may  be 
liable,  are  yet  so  convenient  in  practice,  that  they  have  obtained 
an  admission,  (with  some  other  circles  and  lines),  sanctioned  by 
usage,  in  ail  globes  and  planispheres.    The  reader,  however,  will 
take  care  to  keep  them  separate  in  his  mind,  and  to  familiarize 
himself  with  the  idea  rather  of  two  or  more  celestial  globes,  supeiv 
posed  and  fitting  on  each  other,  on  one  of  which — a  real  one — are 
inscribed  the  stars;  on  the  others  those  imaginary  points,  linesj 
and  circles,  which  astronomers  have  devised  for  their  own  uses, 
and  to  aid  their  calculations ;  and  to  accustom  himself  to  conceive 
in  the  latter  or  artificial  spheres  a  capability  of  being  shifted  in  any 
manner  upon  the  surface  of  the  other ;  so  that,  should  experience 
demonstrate  (as  it  does)  that  these  artificial  points  and  lines  are 
brought  by  a  slow  motion  of  the  earth's  axis,  or  by  other  secular 
variations  (as  they  ;u^  called),  to  coincide,  at  very  distant  intervals 
of  time,  with  different  stars,  he  may  not  be  unprepared  for  the 
change^  and  may  have  no  confusion  to  correct  in  his  notions. 

(301.)  Of  course  we  do  not  here  speak  of  those  uncouth  figures 
and  outlines  of  men  and  monsters^  which  are  usually  scribbled 
ever  celestial  globes  and  maps,  and  serve,  m  a  rude  and  barbarous 
way,  to  enable  us  to  talk  of  groups  of  slars,  or  districts  in  the 
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heavens,  by  names  which,  though  absord  or  puerile  in  their  origin, 
have  obtained  a  currency  fron  which  it  wouJd  be  difficult  to  dis* 
lodge  them.  In  so  far  as  they  have  really  (as  some  have)  any 
alight  resemblance  to  the  figures  called  up  in  imagination  by  a 
view  of  the  more  splendid  «  constellatioos,"  they  have  a  certain 
convenience ;  but  as  they  are  otherwise  entirely  arbitrary,  and 
correspond  to  jio  natural  subdivisions  or  groupings  of  the  stars, 
astronomers  treat  them  lightly,  or  altogether  disregard  them,* 
except  for  briefly  naming  remarkable  stars,  at  a  Leoois,  fi  Scoipii, 
&c.  &c.,  by  letters  of  the  Greek  alphabet  attached  to  them.  The 
reader  will  find  them  on  any  celestial  charts  or  globes,  and  may 
compare  them  with  the  heavens,  and  there  learn  for  himself  their 
position. 

(302.)  There  are  not  wanting,  however,  natural  districts  in  the 
heavens,  which  ofier  great  peculiarities  of  character,  and  strike 
every  observer:  such  is  the  mUky  way^  that  great  luminous  band, 
which  stretches,  every  evening,  all  across  the  sky,  from  horizon  to 
horizon,  and  which,  when  traced  with  diligence,  and  mapped  down, 
is  found  to  form  a  zone  completely  encircling  the  whole  sphere^ 
almost  in  a  great  circle,  whidi  is  neither  an  hour  circle,  nor  coin* 
cident  with  any  other  of  our  astronomical  grammata.  It  is  divided 
in  one  part  of  its  course,  sending  off  a  kind  of  branch,  which  unites 
again  with  the  main  body,  after  remaining  distinct  for  about  150 
degrees,  within  whjch  it  sufiers  an  interruption  in  its  continuity. 
This  remarkable  belt  has  maintained,  from  the  earliest  ages,  the 
same  relative  situation  among  the  stars;  and,  when  examined 
through  powerful  telescopes,  is  found  (wonderful  to  relate  !)io 
consist  erUirdy  of  stars  scattered  by  millions^  like  glittering  dust, 
on  the  black  ground  of  the  general  heavens.  It  will  be  described 
more  particularly  in  the  subsequent  portion  of  this  Work. 

(303.)  Another  remarkable  region  in  the  heavens  is  the  zodiac^ 
not  from  any  thing  peculiar  in  its  own  constitution,  but  from  its 
being  the  area  within  which  the  apparent  motions  of  the  sun, 
moon,  and  all  the  greater  planets  are  confined.  To  trace  the  path 

*  This  disregmrd  is  neither  saperdliooB  DorcaofeleM.  The  oonitellations  eeem  to 
have  been  almoet  purposely  named  and  delineated  to  cause  aa  much  confunon  and 
inconvenience  as  possible.  Innumerable  snakes  twine  through  long  and  contorted 
areas  of  the  hesTens,  where  no  memory  can  follow  them ;  bears,  lions,  and  fishes, 
large  and  small,  northern  and  southern,  confuse  all  n<lmenclature,  dtc  A  better 
system  of  constellatioiii  might  have  been  a  material  help  as  an  artificial  memory. 
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of  any  one  of  these,  it  is  only  necessary  to  ascertain,  by  continued 
observation,  its  places  at  successive  epochs,  and  entering  these 
upon  onr  map  or  sphere  in  sufficient  number  to  form  a  series,  not 
too  far  disjoined,  to  connect  them  by  lines  from  point  to  point,  as 
ve  mark  out  the  course  of  a  vessel  at  sea  by  mapping  down  its 
place  from  day  to  day.  Now  when  this  is  done,  it  is  found,  first, 
that  the  apparent  path,  or  track,  of  the  sun  on  the  surface  of  the 
heavens,  is  no  other  than  an  exact  great  circle  of  the  sphere  which 
is  called  the  edipticy  land  which  is  inclined  to  the  equinoctial  at  an 
angle  of  about  23^  28',  intersecting  it  at  two  oppoute  points,  called 
the  equinoctial  points,  or  equinoxes,  and  which  ^re  distinguished 
from  each  other  by  the  epithets  vernal  and  autumn^ ;  the  vernal  being 
that  at  which  the  sun  crosses  the  equinoctial  from  south  to  north  ; 
the  autumnal,  when  it  quits  the  northern  and  enters  the  southern 
hemisphere.  Secondly,  that  the  moonr  and  all  the  planets  pursue^ aths 
which,  in  like  manner,  encircle  the  whole  heavens,  but  are  not,  like 
that  of  the  sun,  great  circles  exactly  returning  into  themselves  and 
bisecting  the  sphere,  but  rather  spiral  curves  of  much  complexity, 
and  described  with  very  unequal  velocities  in  their  different  parts. 
They  have  all,  however,  this  in  common,  that  the  general  direction 
of  their  motions  is  the  same  with  that  of  the  sun,  viz.  from  west  to 
easij  that  is  to  say,  the  contrary  to  that  in  which  both  they  and  the 
stars  appear  to  be  carried  by  the  diurnal  motion  of  the  heavens ; 
and,  moreover,  th^t  they  never  deviate  far  from  the  ecliptic  on 
either  side,  crossing  and  recrossing  it  at  regular  and  equal  inter- 
vals of  time,  and  confining  themselves  within  a  zone,  or  belt  (the 
zodiac  already  spoken  of),  extending  (with  one  or  two  exceptions 
among  the  smaller  planets)  not  further  than  9^  on  either  side  of 
the  ecliptic. 

(304.)  It  would  manifestly  be  useless  to  map  down  on  globes 
or  charts  the  apparent  paths  of  any  of  those  bodies  which  never 
retrace  the  same  course,  and  which,  therefore,  demonstrably,  must 
occupy  at  some  one  moment  or  other  of  their  history,  every  point 
in  the  area  of  that  zone  of  the  heavens  within  which  they  are  cir- 
cumscribed. The  apparent  complicdtion  of  their  movements  arises 
(that  of  the  moon  excepted)  from  our  viewing  them  fi'om  a  station 
which  is  itself  in  motion,  and  would  disappear,  could  we  shiA  our 
point  of  view  and  observe  them  from  the  sun.  On  the  other  hand 
the  apparent  motion  6f  the  sun  is  presented  to  us  under  its  least 
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inyolYed  form,  and  is  studied,  from  the  station  we  occupy,  to  the 
greatest  advantage.  So  that,  independent  of  the  importance  of 
that  luminary  to  us  in  other  respects,  it  is  by  the  investigation  of 
the  laws  of  its  motions  in  the  first  instance  that  we  must  rise  to  a 
knowledge  of  those  of  all  the  other  bodies  of  our  system. 

(305.)  The  ecliptic,  which  is  its  apparent  path  among  the  stars, 
is  traversed  by  it  in  the  period  called  the  sidereal  year^  which  con- 
sists of  365^  6^  9'^  9-6',  reckoned  in  mean  solar  time,  or  366''  6^ 
9"  9-6'  reckoned  in  sidereal  dme.  The  reason  of  this  difference 
(and  it  is  this  which  constitutes  the  origin  of  the  diflerence  between 
solar  and  sidereal  time)  is,  that  as  the  sun's  apparent  annual  motion 
gmong  the  stars  is  performed  in  a  contrary  direction  to  the  appa- 
rent diurnal  motion  of  both  sun  and  stars,  it  comes  to  the  same 
thing  as  if  the  diurnal  motion  of  the  sun  were  so  much  slower  than 
that  of  the  stars,  or  as  if  the  sun  lagged  behbd  them  in  its  daily 
course.  When  this  has  gone  on  for  a  whole  year,  the  sun  will 
have  fallen  behind  the  stars  by  a  whole  circumference  of  the 
heavens— or,  in  other  words — ^in  a  year  the  sun  will  have  made 
fewer  diurnal  revolutions,  by  one,  than  the  stars.  So  that  the 
same  interval  of  time  which  is  measured  by  366^  6^,  &c.  of 
mdereal  time,  will  be  called  365  days,  6  hourSy&c,  if  reckoned 
in  mean  solar  time.  Thus,  then,  is  the  proportion  between  the 
mean  solar  and  sidereal  day  established,  which,  reduced  into  a 

decimal  fraction,  is  that  of  1*00273791  to  1.    The  measurement 

••• 
of  time  by  these  different  standards  may  be  compared  to  that  of 

space  by  the  standard  feet,  or  ells  of  two  different  nations ;  the 

proportion  of  which,  once  settled  and  borne  in  mind,  can  never 

become  a  source  of  error. 

(306.)  The  position  of  the  ecliptic  among  the  stars  may,  for  our 
present  purpose,  be  regarded  as  invariable.  It  is  true  that  this  is 
not  strictly  the  case ;  and  on  comparing  together  its  position  at 
present  with  that  which  it  held  at  the  most  distant  epoch  at  which 
we  possess  observations,  we  find  evidences  of  a  small  change, 
which  theory  accounts  for,  and  whose  nature  will  be  hereafter 
explained  ;  but  that  change  is  so  excessively  slow,  that  for  a  great 
many  successive  years,  or  even  for  whole  centuries,  this  circle  may 
be  regarded,  for  inost  ordinary  purposes,  as  holding  the  same 
position  in  the  sidereal  heavens. 

(307.)  The  poles  of  the  ecliptic^  like  those  of  any  other  great 
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circle  of  the  sphere,  are  opposite  points  on  its  sur&cei  equidistant 
from  the  elliptic  in  every  direction.    They  are  of  course  not  coin- 
cident with  those  of  the  equinoctial,  but  removed  from  it  by  an 
angular  interval  equal  to  the  inclination  of  the  ecliptic  to  the  equi- 
noctial (23^  28')i  which  is  called  the  obliquity  of  the  ecliptic.    In 
the  next  figure^  if  Pp  represent  the  north  and  south  poles  (by 
which  when  used  without  qualification  we  always  mean  the  poles 
of  the  equinoctial) f  and  EAQV  the  equinoctial,  VSAW  the 
ecliptic,  and  KA:,  its  poles — the  spherical  angle  Q  VS  is  Ae  obli- 
quity of  the  ecliptic,  and  is  equal  in  angular  measure  to  PK  or 
S  Q.     If  we  suppose  the  sun's  apparent  motion  to  be  in  the  direc- 
tion V  S  A  W,  V  will  be  the  vernal  and  A  the  autumnal  equinox^ 
S  and  W,  the  two  points  at  which  the  ecliptic  is  most  distant  from 
the  equinoctial,  are  termed  solstices^  because,  when  arrived  there, 
the  sun  ceases  to  recede  from  the  equator,  and  (in  that  sense,  90 
far  as  its  motion  in  declination  is  concerned)  to  stand  still  in  the 
heavens.    S,  the  point  where  the  sun  has  the  greatest  northern 
declination,  is  called  the  summer^  and  W,  that  where  it  is  iartheflt 
south,  the  winter  solstice.    These  epithets  obviously  have  their 
origin  in  the  dependence  of  the  seasons  on  the  sun's  declination, 
which  will  be  explained  in  the  next  Chapter.   The  circle  E  K  P  Q 
kpy  which  passes  through  the  poles  of  the  ecliptic  and  equinoctial* 
is  called  the  solstitial  colure ;  and  a  meridian  drawn  through  the 
equinoxes,  P  Y  p  A,  the  equinoctial  colure. 
(308.)  Since  the  ecliptic*  holds  a  determinate  situation  in  the 

stairy  heavens,  it  may  be  employed, 
like  the  equinoctial,  to  refer  the  po- 
sitions of  the  stars  to,  by  circleii 
drawn  through  them  from  its  poles, 
and  therefore  perpendicular  to  it 
Such  circles  are  termed,  in  astro- 
nomy, circles  of  latitude — ^the  dis- 
tance of  a  star  from  the  ecliptic, 
reckoned  on  the  circle  of  latitude 
j)assing  through  it,  is  called  the 
latitude  of  the  stars— and  the  aic  of 
the  ecliptic  intercepted  between  the 
vernal  equinox  and  this  circle,  its  longitude.  In  the  figure,  X  is 
a  star,  P  X  R  a  circle  of  declination  drawn  through  it,  by  which  it 


CBLB8TIAL  LATITUPXS  AKB  IiOHaiTUDBS.  185 

J8  referred  to  the  equinoctial,  and  K  XT  a  circle  of  latitude  refer* 
ring  it  to  the  ecliptic — then,  as  V  R  is  the  right  ascension,  and 
R  X  the  declination,  of  X,  so  also  is  V  T  its  longitude,  and  T  X 
its  latUude.  The  use  of  the  terms  longitude  and  latitude,  in  this 
flense,  seems  to  hare  originated  in  considering  the  ecliptic  as 
forming  a  kind  of  natural  equator  to  the  heavens,  as  the  terrestrial 
equator  does  to  the  earth — the  former  holding  an  invariable  posi- 
tion with  respect  to  the  stars,  as  the  latter  does  ^ith  respect  to 
stations  on  the  earth's  surface.  The  force  of  this  observation  will 
jMresently  become  s^p^vent. 

(309* )  Knowing  the  right  ascension  and  declination  of  an  ob- 
ject, we  may  find  its  longitude  and  latitude,  and  vice  vp'sd.  This 
is  a  problem  of  great  use  in  physical  astronomy — the  following  is 
its  solution :-J[n  our  last  figure,  EK  P  Q,  the  solstitial  colure  is 
of  course  90^  distant  from  V,  the  vernal  equinox,  which  is  one  of 
its  poles — so  that  V  R  (the  right  ascension)  being  given,  and  also 
y  £,  the  arc  £  R,  and  its  measure,  the  spherical  angle  E  P  R,  or 
K  P  X,  is  known.  In  the  spherical  triangle  K  P  X,  then,  we  have 
given,  1st,  The  side  P  K,  which,  being  the  distance  of  the  poles 
of  the  ecliptic  and  equinoctial,  is  equal  to  the  obliquity  of  the 
ecliptic  ;  8d,  The  side  P  X,  the  polar  distance^  or  the  complement 
of  the  declination  RX;  and,  3d,  the  included  angle  K  P  X  ;  and 
therefore,  by  spherical  trigonometry,  it  is  easy  to  find  the  other  side 
K  X,  and  the  remaining  angles.  Now  K  X  is  the  complement  of 
the  required  latitude  X  T,  and  the  angle  PK X  being  known,  and 
P  K  V  beii^  a  right  angle  (because  S  V  is  90^),  the  angle  X  K  V 
becomes  known.  Now  this  is  no  other  than  the  measure  of  the 
longitude  V  T  of  the  object.  The  inverse  problem  is  resolved  by 
the  same  triangle,  and  by  a  process  exactly  similar. 

(310.)  It  is  often  of  use  to  know  the  situation  of  the  ecliptic  in 
the  visible  heavens  at  any  instant ;  that  b  to  say,  the  points  v/here 
it  cuts  the  horizon,  and  the  altitude  of  its  highest  point,  or,  as  it 
is  sometimes  called,  the  nanagesimal  point  of  the  ecliptic,  as  well 
as  the  longitude  of  this  point  on  the  ecliptic  itself  from  the  equinox* 
These,  and  all  questions  referable  to  the  same  data  and  quaesita, 
are  resolved  by  the  spherical  triangle  ZPE,  formed  by  the  zenith 
Z  (considered  as  the  pole  of  the  horizon),  the  pole  of  the  equinoc- 
tial P,  and  the  pole  of  the  ecliptic  £.  The  sidereal  time  being 
given^  and  also  the  right  ascension  of  the  pole  of  the  ecliptic 
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Fig.  46. 


fwhich  is  always  the  same,  viz.  IS''  0"  0»),  the  hour  angle  Z  P  E 
of  that  point  is  known.     Then,  in  this  triangle  we  have  given 

P  Z,  the  colatitude ;  P  E,  the  polar 
distance  of  the  pole  of  the  ecliptic, 
23°  28',  and  the  angle  Z  P  E  from 
which  we  may  find,  Ist,  the  side 
ZE,  which  is  easily  seen  to  be 
equal  to  the  altitude  of  the  nona- 
gesiroal  point  sought;  and  2dlf, 
the  angle  P  Z  E,  which  is  the  azi« 
muth  of  the  pole  of  the  ecliptic, 
and. which,  therefore,  being  added 
to  and  subtracted  from  90°,  gives 
the  azimuth  of  the  eastern  and  wes- 
tern intersections  of  the  ecliptic  with  the  horizon.  Lastly,  the 
longitude  of  the  nonagesimal  point  may  be  bad,  by  calculating  in 
the  same  triangle  the  single  P  E  Z,  which  is  its  complement.^ 

(311.)  The  angk  of  situation  of  a  star  is  the  angle  included 
between  circles  of  latitude  and  of  declination  passing  through  it. 
To  determine  it  in  any  proposed  case,  we  must  resolve  the  triangle 
P  S  E,  in  which  are  given  P  S,  P  E,  and  the  angle  S  P  E,  which 
is  the  difference  between  the  star's  right  ascension  and  18  hours ; 
from  which  it  is  easy  to  find  the  angle  P  S  £  required.  This  angle 
is  of  use  in  many  inquiries  in  physical  astronomy.  It  is  called  io 
most  books  on  astronomy,  the  angle  of  position^  but  this  expres- 
sion has  become  otherwise  and  more  conveniently  appropriated. 
(See  Art.  204.) 

(312.)  The  same  course  of  observations  by  which  the  path  of 
the  sun  among  the  fixed  stars  is  traced,  and  the  ecliptic  marked 
out  among  them,  determines,  of  course,  the  place  of  the  equinox 
y  (Fig.  art.  308,)  upon  the  starry  sphere,  at  that  time — a  point  of 
great  importance  in  practical  astronomy,  as  it  is  the  origin  or  zeio 
point  of  right  ascension.  Now,  when  this  process  is  repeated  at 
considerably  distant  intervals  of  time,  a  very  remarkable  phe- 
nomenon is  observed  ;  viz.  that  the  equinox  do^s  not  preserve  a 
constant  place  among  the  stars,  but  shifts  its  position,  travelling 
continually  and  regularly,  although  with  extreme  slowness,  6acfc- 
toardSy  along  the  ecliptic,  in  the  direction  V  W  from  east  to  west, 
or  the  contraryi  to  that  in  which  the  sun  appears  to  move  in  that 
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circle.  As  the  ecliptic  and  equinoctial  are  not  Very  much  inclined, 
this  motion  of  the  equinox  from  east  to  west  along  the  former, 
conspires  (speaking  generally)  with  the  diurnal  motion,  and  carries 
it,  with  reference  to  that  motion,  continually  in  advance  upon  the 
stars :  hence  it  has  acquired  the  name  of  the  precession  of  the 
equinoxes^  because  the  place  of  the  equinox  among  the  stars,  at 
every  subsequent  momeoXy  precedes  (with  reference  to  the  diurnal 
tnotion)  that  which  it  held  the  moment  before.  The  amount  of 
this  motion  by  which  the  equinox  travels  backward,  or  retrogrades 
(as  it  is  called),  on  the  ecliptic,  is  0^  (K  50*10"  per  annumy  an 
extremely  minute  quantity,  but  which,  by  its  continual  accumula* 
tion  from  year  to  year,  at  last  makes  itself  very  palpable,  and  that 
in  a  way  highly  inconvenient  to  practical  astronomers,  by  destroy- 
ing,  ia  the  lapse  of  a  moderate  num1)er  of  years,  the  arrangement 
of  their  catalogues  of  stars,  and  making  it  necessafy  to  reconstruct 
them.  Since  the  formation  of  the  earliest  catalogue  on  record, 
the  place  of  the  equinox  has  retrograded  already  about  30^.  The 
period  in  which  it  performs  a  complete  tour  of  the  ecliptic,  is 
26,868  years.* 

(313.)  The  immediate  uranographical  effect  of  the  precession 
of  the  equinoxes  is  to  produce  a  uniform  increase  of  longitude  in 
all  the  heavenly  bodies,  whether  fixed  or  erratic.  For  the  vernal 
equinox  being  the  initial  point  of  longitudes,  as  well  as  of  right 
ascension,  a  retreat  of  this  point  on  the  ecliptic  tells  upon  the  lon- 
gitudes of  all  alike,  whether  at  rest  or  in  motion,  and  produces,  so 
fiir  as  its  amount  extends,  the  appearance  of  a  motion  in  longitude 
common  to  all,  <u  j^  the  whole  heavens  had  a  slow  rotation  round 
the  poles  of  the  ecliptic  in  the  long  period  above  mentioned,  simi- 
lar to  what  they  have  in  twenty-four  hours  round  those  of  the 
equinoctial.  This  increase  of  longitude,  the  reader  will  of  course 
observe  and  bear  in  mind,  is,  properly  speaking,  neither  a  real  nor 
an  apparent  movement  of  the  stars.  It  is  a  purely  technical  result, 
arising  from  the  gradual  shifting  of  the  zero  point  from  which  lon- 
gitudes are  reckoned.  Had  a  fixed  star  been  chosen  as  the  origin 
of  longitudes,  they  would  have  been  invariable. 

(314.)  To  form  a  just  idea  of  this  curious  astronomical  phe- 
nomenon, however,  we  must  abandon,  for  a  time,  the  considera- 
tion of  the  ecliptic,  as  tending  to  produce  confusion  in  our  ideas ; 

*  iDctpiunt  nMgni  proeedera  wtsoauu — ^Viseu,  PoiUo, 
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for  this  reason,  that  the  stability  of  the  ecliptic  itself  among  the 
stars  is  (as  already  hinted,  art.  306,)  only  approximate,  and  that 
in  consequence  its  intersection  with  the  equinoctial  is  liable  to  a 
certain  amount  of  change,  arising  from  its  fluctuation,  which  mixes 
itself  with  what  is  due  to  the  principal  uianographical  cause  of  the 
phenomenon.  This  cause  will  become  at  once  apparent,  if,  instead 
of  regarding  the  equinox,  we  fix  our  attention  on  the  pole  of  the 
equinoctial,  or  the  vanishing  point  of  the  earth's  axis. 

(315.)  The  place  of  this  point  among  the  stars  is  easily  deter- 
mined at  any  epoch,  by  the  most  direct  of  all  astronomical  obser- 
vations,— those  with  the  meridian  or  mural  circle.  By  this 
instrument  we  are  enabled  to  ascertain  at  every  moment  the  exact 
distance  of  the  polar  point  from  any  three  or  more  stars,  and  there- 
fore to  lay  it  down,  by  triangulating  from  these  stars,  with  unerrusg 
precision,  on  a  chart  or  globe,  without  the  least  reference  to  the 
position  of  the  ecliptic,  or  to  any  other  circle  not  naturally  con- 
nected with  it.  Now,  when  this  is  done  with  proper  diligence 
and  exactness,  it  results  that,  although  for  short  intervals  of  time, 
such  as  a  few  days,  the  place  of  the  pole  may  be  regarded  as  not 
sensibly  variable,  yet  in  reality  it  is  in  a  state  of  constant,  although 
extremely  slow  motion ;  and,  what  is  still  more  remarkable,  this 
motion  is  not  uniform,  but  compounded  of  one  principal,  uniform, 
or  nearly  uniform,  part,  and  other  smaller  and  subordinate  period- 
ical fluctuations :  the  former  giving  rise  to  the  phenomena  of  pre^ 
cession  ;  the  latter  to  another  distinct  phenomenon  called  nuMion. 
These  two  phenomena,  it  is  true,  belong,  theoretically  speaking, 
to  one  and  the  same  general  head,  and  are  intimately  connected 
together,  forming  part  of  a  great  and  complicated  chain  of  conse- 
quences flowing  from  the  earth's  rotation  on  its  axis  :  but  it  will  be 
conducive  to  clearness  at  present  to  consider  them  separately. 

(316.)  It  is  found,  then,  that  in  virtue  of  the  uniform  part  of 
the  motion  of  the  pole,  it  describes  a  circle  in  the  heavens  around 
the  pole  of  the  ecliptic  as  a  centre,  keeping  constantly  at  the  saibe 
distance  of  23^  28'  from  it  in  a  direction  from  east  to  west^  and 
with  such  a  velocity,  that  the  annual  angle  described  by  it,  in  this 
its  imaginary  orbit,  is  50>l(y' ;  so  that  the  whole  circle  would  be 
described  by  it  in  the  above-mentioned  period  of  25,868  years. 
It  is  easy  to  perceive  how  such  a  motion  of  the  pole  will  give  rise 
to  the  retrograde  motion  of  the  equinoxes ;  for  in.  the  figure,  art. 
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306y  suppose  the  pole  P  in  the  progress  of  its  motion  in  the  small 
circle  P  0  Z  round  K  to  come  to  0,  then,  as  the  situation  of  the 
equinoctial  £  V  Q  is  determined  by  that  of  the  pole,  this,  it  is 
erident,  must  cause  a  displacement  of  the  equinoctial,  which  will 
take  a  new  situation,  £  U  Q,  90^  distant  in  every  part  from  the 
new  position  0  of  the  pole.  The  point  U,  therefore,  in  which  the 
displaced  equinoctial  will  intersect  the  ecliptic,  t.  e.  the  displaced 
equinox,  will  lie  on  that  side  of  V,  its  original  position,  towards 
which  the  motion  of  the  pole  is  directed,  or  to  the  westward. 

(317.)  The  precession  of  the  equinoxes  thus  conceived,  con- 
^sts,  then,  in  a  real  but  very  slow  motion  of  the  pole  of  the 
heavens  among  the  stars,  in  a  small  circle  round  the  pole  of  the 
ecliptic.  Now  this  cannot  happen  without  producing  correspond* 
ing  changes  in  the  apparent  diurnal  motion  of  the  sphere,  and  the 
aspect  which  the  heavens  must  present  at  very  remote  periods  of 
history.  The  pole  is  nothing  more  than  the  vanishing  point  ^  of 
the  earth's  axis.  As  this  point,  then,  has  such  a  motion  as  we 
have  described,  it  necessarily  follows  that  the  earth's  axis  must 
have  a  conical  motion,  in  virtue  of  which  it  points  successively  to 
every  part  of  the  small  circle  m  question.  We  may  form  the  best 
idea.of  such  a  motion  by  noticing  a  child's  peg-top,  when  it  spins 
not  upright,  or  that  amusing  toy  the  te-to-tum,  which,  when  deli* 
cately  executed,  and  nicely  balanced,  becomes  an  elegant  philo* 
sophical  instrument,  and  exhibits,  in  the  most  beautiful  manner,  the 
whole  phenomenon.  The  reader  will  take  care  not  to  confound 
the  variation  of  the  posilion  ofiheearWs  axis  in  space  with  a  mere 
shifting  of  the  imaginary  line  about  which  it  revolves,  in  its  inte* 
nor.  The  whole  earth  participates  in  the  motion,  and  goes  along 
wkh  the  axis  as  if  it  were  really  a  bar  of  iron  driven  through  it. 
That  such  is  the  case  is  proved  by  the  two  great  facts :  1st,  that 
the  latitudes  of  places  on  the  earth,  or  their  geographical  situation 
with  respect  to  the  poles,  have  undergone  no  perceptible  change 
from  the  earliest  ages.  2dly,  that  the  sea  mamtains  its  level,  which 
could  not  be  the  case  if  the  motion  of  the  axis  were  not  accom- 
panied with  a  niotion  of  the  whole  mass  of  the  earth.* 

(318.)  The  visible  effect  of  precession  on  the  aspect  of  the 

«  Local  cbangts  of  the  wa.  levol,  axinog  from  purely  gookgicaloaiiM%aie  eaeily 
datinginilied  from  that  general  and  •yftematic  atteralion  which  a  ihiftine>  ^  ^ 
•xia  i  rotalkm  would  give,  liae  to. 
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heavens  consists  in  the  apparent  approach  of  some  stars  and  con- 
stellations to  the  pole  and  recess  of  others.  The  bright  star  of  the 
Lesser  Bear,  which  we  call  the  pole  star,  has  not  always  been, 
nor  will  always  continue  to  be,  our  cynosure:  at  the  time  of  the 
construction  of  the  earliest  catalogues  it  was  12°  from  the  pole — 
it  is  now  only  1°  24',  and  will  approach  yet  nearer,  to  within  half 
a  degree,  after  which  it  will  again  recede,  and  slowly  give  place 
to  others,  which  will  succeed  in  its  companionship  to  the  pole. 
After  a  lapse  of  about  12,000  years,  the  star  a  Lyr»,  the  brightest 
in  the  northern  hemisphere,  will  occupy  the  remarkable  situation 
of  a  pole  star  approaching  within  about  5°  of  the  pole. 

(319.)  At  the  date  of  the  erection  of  the  Great  Pyramid  of  Gizeh, 
which  precedes  by  3970  years  (say  4000)  the  present  epoch,  the 
longitudes  of  all  the  stars  were  less  by  55°  45'  than  at  present. 
Calculating  from  this  datum*  the  place  of  the  pole  of  the  heavens 
among  the  stars,  it  will  be  found  to  fall  near  a  Draconis ;  its  dis- 
tance from  that  star  being  3°  44'  25".  This  being  the  most  con- 
spicuous star  in  the  immediate  neighbourhood  was  therefore  the 
pole  star  at  the  epoch.  And  the  latitude  of  Gizeh  being  just  30P 
north,  and  consequently  the  altitude  of  the  north  pole  there  also 
30°,  it  follows  that  the  star  in  question  must  have  had  at  its  lower 
culmination,  at  Gizeh,  an  altitude  of  26°  15'  35".  Now*  it  is  a 
remarkable  fact,  ascertained  by  the  late  researches  of  Col.  Vyse, 
that  t)f  the  nine  pyramids  still  existing  at  Gizeh,  six  (including  all 
the  largest)  have  the  narrow  passages  by  which  alone  they  can  be 
entered,  (all  which  open  out  on  the  northern  faces  of  their  respec- 
tive pyramids)  inclined  to  the  horizon  downwards  at  angles  as 
follows. 

1st,  or  Pyramid  of  Cheops    -    .      - 
2d,  or  Pyramid  of  Cephren  -  - 

3d,  or  Pyramid  of  Mycerinus 

4th, 

5th, 

9th,         --.--.. 

Mean  -     26    47 

*  On  this  calculation  the  diminution  of  the  obliquity  of  the  ecliptic  in  the  4000 
years  elapsed  has  no  influence.  That  diminution  arises  from  a  change  in  the  plane 
of  the  earth's  ortitt  and  has  noUiing  to  db  with  the  change  in  the  position  of  its  axUt 
as  referred  to  the  itany  sphere. 
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Of  the  two  pyramids  at  Abousseir  also,  which  alone  exist  in  a 
state  of  sufficient  preservation  to  admit  of  the  inclinations  of  their 
entrance  passages  being  determined,  one  has  the  angle  27^  5',  the 
other  26^. 

(320.)  At  the  bottom  of  every  one  of  these  passages  thereforei 
the  then  pole  star  must  have  been  visible  at  its  lower  culmination, 
a  circumstance  which  can  hardly  be  supposed  to  have  been  unin- 
tentional, and  was  doubtless  connected  (perhaps  superstitiously) 
with  the  astronomical  observation  of  that  star,  of  whose  proximity 
to  the  pole  at  the  epoch  of  the  erection  of  these  wonderful  struc- 
tures, we  are  thus  furnished  with  a  monumental  record  of  the  most 
imperishable  nature. 

(321.)  The  nutaium  of  the  earth's  axis  is  a  small  and  slow  sub- 
ordinate gyratory  movement,  by  which,  if  subsisting  alone,  the 
pole  would  describe  among  the  stars,  in  a  period  of  about  nineteen 
years,  a  minute  ellipsis,  having  its  longer  axis  equal  to  18"'5,  and 
its  shorter  to  13"-74 ;  the  longer  being  directed  towards  the  pole 
of  the  ecliptic,  and  the  shorter,  of  course,  at  right  angles  to  it. 
The  consequence  of  this  real  motion  of  the  pole  is  an  apparent 
approach  and  recess  of  all  the  stars  in  the  heavens  to  the  pole  in 
the  same  period.  Since,  also,  the  place  of  the  equinox  on  the 
ecliptic  is  determined  by  the  place  of  the  pole  in  the  heavens,  the 
same  cause  will  give  rise  to  a  small  alternate  advance  and  recess 
of  the  equinoctial  points,  by  which,  in  the  same  period,  both  the 
longitudes  and  the  right  ascensions  of  the  stars  will  be  also  alter- 
nately increased  and  diminished. 

(322.)  Both  these  motions,  however,  although  here  considered 
separately,  subsist  jointly ;  and  since,  while  in  virtue  of  the  nuta- 
tion, the  pole  is  describing  its  little  ellipse  of  18"*5  in  diameter,  it 
is  carried  by  the  greater  and  regularly  progressive  motion  of  pre- 
cession over  so  much  of  its  circle  round  the  pole  of  the  ecliptic  as 
corresponds  to  nineteen  years,-r^that  is  to  say,  over  an  angle  of 
nineteen  times  50"*1  round  the  centre  (which,  in  a  small  circle  of 
23^  28'  in  diameter,  corresponds  to  6'  20",  as  seen  from  the  centre 
of  the  sphere):  the  path  which  it  will  pursue  in  virtue  of  the  two 
motions,  subsisting  jointly,  .will  be  neither  an  ellipse  nor  an  exact 
circle,  but  a  gently  undulated  ring  like  that  in  the  figure  (where, 
however,  the  undulations  are  much  exaggerated).  {See  Jig.  to 
art.  325.) 
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(323.)  These  movements  of  precession  and  nutation  are  conunon 
to  all  the  celestial  bodies,  both  fixed  and  erratic;  and  this  circum* 
stance  makes  it  impossible  to  attribute  them  to  any  other  caase 
than  a  real  motion  of  the  earth's  axis  such  as  we  have  described. 
Did  they  only  affect  the  stars,  they  might,  with  equal  plausibility, 
be  urged  to  arise  from  a  real  rotation  of  the  starry  heavens,  as  a 
solid  shell,  round  an  axis  passing  through  the  poles  of  the  ecliptie 
in  25,868  years,  and  a  real  elliptic  gyration  of  that  axis  in  nine- 
teen years :  but  since  they  also  affect  the  sun,  moon,  and  planets, 
which,  having  motions  independent  of  the  general  body  of  the 
stars,  cannot  without  extravagance  be  supposed  attached  to  the 
celestial  concave,*  this  idea  falls  to  the  ground ;  and  there  only 
remains,  then,  a  real  motion  in  the  earth  by  which  they  can  be 
accounted  for.  It  will  be  shown  in  a  subsequent  chapter  that  they 
are  necessary  consequences  of  the  rotation  of  the  eaith,  combined 
with  its  elliptical  figure,  and  the  unequal  attraction  of  the  sun  and 
moon  on  its  polar  and  equatorial  regions. 

(324.)  Uranographically  considered,  as  affecting  the  apparent 
places  of  the  stars,  they  are  of  the  utmost  importance  in  practical 
astronomy.  When  we  speak  of  the  right  ascension  and  <ieclination 
of  a  celestial  object,  it  becomes  necessary  to  state  what  epoch  we 
intend,  and  whether  we  mean  the  mean  right  ascension — cleared, 
that  is,  of  the  periodical  fluctuation  in  its  amount,  which  arises 
from  nutation,  or  the  apparent  right  ascension,  which,  being  reck- 
oned from  the  actual  place  of  the  vernal  equinox,  is  a£kcted  by 
the  periodical  advance  and  recess  of  the  equinoctial  point  produced 
by  nutation — and  so  of  the  other  elements.'  It  is  the  practice  of 
astronomers  to  reduce^  as  it  is  termed,  all  their  observations,  both 
of  right  ascension  and  declination,  to  some  common  and  convenient 
epoch-^uch  as  the  beginning  of  the  year  for  temporary  purposes, 
or  of  the  decade,  or  the  century  for  more  permanent  uses,  by  sub- 
tracting from  them  the  whole  effect  of  precession  in  the  interval ; 
and,  moreover,  to  divest  them  of  the  influence  of  nutation  by  in- 
vestigating and  subducting  the  amount  of  change,  both  in  right 
ascension  and  declination,  due  to  the  displacement  of  the  pole 
bom  the  centre  to  the  circumference  of  the  little  ellipse  above 

•  This  ai^gament,  cogent  at  it  i%  acquires  additional  and  decuiTe  £»oe  fma  the 
law  cX  nutation,  which  is  dependant  on  the  position,  for  the  time,  of  the  lunar  oifait* 
If  we  attribute  it  to  a  real  motion  of  the  celestial  sphere,  we  must  then  m«»«ty?n  thai 
sphere  to  be  kept  iii  a  constant  itate  of  tremor  by  the  motion  of  the  moon ! 
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mentioned.  This  last  process  is  technically  termed  correctiDg  or 
equating  the  observation  for  nutation ;  by  vrhich  latter  word  is 
always  understood,  in  astronomy,  the  getting  rid  of  a  periodical 
cause  of  fluctuation,  and  presenting  a  result,  not  as  it  was  observed, 
but  as  it  would  have  been  observed,  had  that  cause  of  fluctuation 
bad  no  existence. 

*  (325.)  For  these  purposes,  in  the  present  case,  ve'ry  convenient 
formulse  have  been  derived,  and  tables  constructed.  They  are, 
however,  of  too  technical  a  character  for  this  work ;  we  shall,  how- 
ever, point  out  the  manner  in  which  the  investigation  is  conducted. 
It  has  been  shown  in  art.  309,  by  what  means  the  right  ascension 
and  declination  of  an  object  are  derived  from  its  longitude  and 
latitude^  Referring  to  the  figure  of  that  article,  and  supposing 
the  triangle  K  P  X  orthographically  projected  on  the  plane  of  the 
ecliptic  as  in  the  annexed  figure :  in  the  triangle  K  P  X,  K  P  is 
the  obliquity  t)f  the  ecliptic,  K  X  the  co-latitude  (or  complement 
of  latitude),  and  the  angle  P  K  X  the  co-iongUude  of  the  object  X. 
These   are  the  data  of   our  Fie.  47. 

qnestion,  of  which  the  second 
is  constant,  dnd  the  other  two 
are  varied  by  the  efi*ect  of  pre- 
cession  and  nutation :  and 
their  variations    (considering 

the  minuteness  of  the  latter    f  (         -g  ^}  j^ 

eflect  generally,  and  the  small 
number  of  years  in  compari- 
son of  the  whole  period  of 
25,868,  for  which  we  ever 
require  to  estimate  the  eflect 
of  the  former,)  are  of  that  order 
which  may  be  regarded  as  infinitesimal  in  geometry,  and  treated 
as  such  without  fear  of  error.  The  whole  question,  then,  is  re- 
duced to  this : — In  a  spherical  triangle  K  P  X,  in  which  one  side 
K  X  is  constant,  and  an  angle  K,  and  adjacent  side  K  P  vary  by 
given  infinitesimal  changes  of  the  position  of  P:  required  the 
changes  thence  arising  in  the  other  side  P  X,  and  the  angle  K  P  X. 
This  is  a  very  simple  and  easy  problem  of  spherical  geometry, 
and  being  resolved,  it  gives  at  once  the  reductions  we  are  seek- 
ing ;  for  P  X  being  the  polar  distance  of  the  object,  and  the  angle 

IS 
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K  P  X  its  right  ascension  plus  90Pj  their  variations  are  the  reiy 
quantities  we  seek.  It  only  remainS|  then,  to  ex{>re8S  in  proper 
form  the  amount  of  the  precession  and  nutation  in  hngUude  and 
laiitudej  when  their  amount  in  right  ascension  and  declination  will 
immediately  be  obtained. 

(326.)  The  precession  in  latitude  is  zero,  since  the  latitudes  of 
objects  are  not  changed  by  it :  that  in  longitude  is  a  quantity  pro- 
portional to  the  time  at  the  rate  of  60''- 10  per  annum.  With 
regard  to  the  nutation  in  loTigititde  and  latitudcy  these  are  no  other 
than  the  abscissa  t^nd  ordinate  of  the  little  ellipse  in  which  the  pole 
moves.  The  law  of  its  motion,  however,  therein,  cannot  be 
understood  till  the  reader  has  been  made  acquainted  with  the  prin- 
cipal features  of  the  moon's  motion  on  which  it  depends. 

(327.)  Another  consequence  of  what  has  been  shown  respecting 
precession  and  nutation  is,  that  sidereal  time^  as  astronomers  use 
it,  i.  e.  as  reckoned  from  the  transit  of  the  equinoctial  point,  is 
not  a  mean  or  umfamdy  flowing  quantUtfy  being  afiected  by  nuta* 
tion  ;  and,  moreover,  that  so  reckoned,  even  when  cleared  of  the 
periodical  fluctuation  of  nutation,  it  does'  not  stridly  correspond 
to  the  earth's  diurnal  rotation.  As  the  sun  loses  one  day  in  the 
year  on  the  stars,  by  its  direct  motion  in  longitude ;  so  the  equinox 
gains  one  day  in  25,868  years  on  them  by  its  retrogradation.  We 
ought,  therefore,  as  carefully  to  distinguish  between  mean  and 
apparent  sidereal  as  between  mean  and  apparent  solar  time. 

(328.)  Neither  precession  nor  nutation  change  the  apparent 
places  of  celestial  objects  inter  se.  We  see  them,  so  &r  as  these 
causes  go,  as  they  are^  though  from  a  station  mojre  or  less  unstable, 
as  we  see  distant  land  objects  correctly  formed,. though  appearing 
to  rise  and  fall  when  viewed  from  the  heaving  deck  of  a  ship  in 
the  act  of  pitching  and  rolling.  But  there  is  an  optical  cause^ 
independent  of  refraction  or  of  perspective,  which  disfJaces  them 
one  among  the  other^  and  causes  us  to  view  the  heavens  under  an 
aspect  always  to  a  certain  slight  extent  false ;  and  whose  influence 
must  be  estimated  and  allowed  for  before  we  can  obtain  a  precise 
knowledge  of  the  pla^e  of  any  object.  This  cause  is  what  is 
called  the  aberration  of  light ;  a  singular  and  surprising  efiect  aris- 
ing from  this,  that  we  occupy  a  station  not  at  rest  but  in  rapid 
motion ;  and  that  the  apparent  directions  of  the  rays  of  light  are 
sot  the  same  to  a  spectator  in  motion  as  to  one  at  rest,  •  As  the 
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efltimation  of  its  eSect  belongs  to  uranograpfay,  we  must  explain 
it  here,  though,  m  so  doing,  we  must  anticipate  some  of  the  results 
to  be  detailed  in  subsequent  chapters. 

(329.)  Suppose  a  shower  of  rain  to  fall  perpendicularly  in  a 
dead  calm ;  a  person  exposed  to  the  shower,  who  should  stand 
quite  still  and  upright,  would  receive  the  drops  on  his  hat,  which 
would  thus  shelter  him,  but  if  he  ran  forward  in  any  direction 
they  would  strike  him  in  the  face.  The  effect  would  be  the  same 
as  if  he  remained  still,  and  a  wind  should  arise  of  the  same  velo- 
city, and  drill  them  agunst  him.  Suppose  a  ball  let  fall  from  a 
point  A  above  a  horizontal  line  E  F,  and  that  at  B  were  placed  to 
receive  it  the  open  mouth  of  an  inclined  hollow  tube  P  Q;  if  the 

Fig.  48. 


tube  were  held  immoveable  the  ball  would  strike  on  its  lower  side, 
but  if  the  tube  were  carried  forward  in  the  direction  £  F,  with  a 
vek>city  properly  adjusted  at  every  instant  to  that  of  the  ball,  while 
fresermng  Us  inclinaHon  to  the  horizon,  so  that  when  the  ball  in 
its  natural  descent  reached  C,  the  tube  should  have  been  carried 
into  the  position  R  S,  it  is  evident  that  the  ball  would,  throughout 
its  whole  descent,  be  found  in  the  axis  of  the  tube ;  and  a  spec- 
tator referring  to  the  tube  the  motion  of  the  ball,  and  carried  along 
with  the  former,  unconscious  of  its  motion,  would  fancy  that  the 
ball  had  been  moving  in  the  inclined  direction  R  S  of  the  tube's 
axis. 

(330.)  Our  eyes  and  telescopes  are  such  tubes.  In  whatever 
manner  we^  consider  light,  whether  as  an  advancing  wave  in  a 
motionless  ether,  or  a  shower  of  atoms  traversing  ^ace,  (provided 
that  in  both  cases  we  regard  it  as  absolutely  incapaUe  of  suffering 
resistance  or  corporeal  obstruction  from  the  particles  of  transparent 
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media  traversed  by  it,*)  if  in  the  interval  between  the  rays  tra- 
versing the  object  glass  of  the  one  or  the  cornea  of  the  other  (at 
tokich  moment  they  acquire  that  convei^nce  which  directs  them 
to  a  certain  point  in  fixed  space)^  and  their  arrival  at  their  focus, 
the  cross  wires  of  the  one  or  the  retina  of  the  other  be  slipped 
aside^  the  point  of  convergence  (which  remains  unchanged)  will 
no  longer  correspond  to  the  intersection  of  the  wires  or  the  cen- 
tral point  of  our  visual  area.  The  object  then  will  appear  dis- 
placed ;  and  the  amount  of  this  displacement  is  aberration. 

(331.)  The  earth  is  moving  through  space  with  a  velocity  of 
about  19  miles  per  second,  in  an  elliptic  path  round  the  sun,  and 
is  therefore  changing  the  direction  of  its  motion  at  every  instant. 
Light  travels  with  a  velocity  of  192,000  miles  per  second,  which, 
although  much  greater  than  that  of  the  earth,  is  yet  not  infiniielg 
so.  Time  is  occupied  by  it  in  traversing  any  space,  and  in  that 
time  the  earth  describes  a  space  which  is  to  the  former  as  19  to 
192,000,  or  as  the  tangent  of  20''*5  to  radius.  Suppose  now 
A  P  S  to  represent  a  ray  of  light  from  a  star  at  A,  and  let  the  tube 
P  Q  be  that  of  a  telescope  so  inclined  forward  that  the  focus 
formed  by  its  object  glass  shall  be  received  upon  its  cross  wire,  it 
is  evident  from  what  has  been  said,  that  the  inclination  of  the 
tube  must  be  such  as  to  make  P^S  ;  S  Q  : :  velocity  of  light : 
velocity  of  the  earth : :  1 :  tan.  20"-5 ;  and,  therefore,  the  angle 
S  P  Q,  or  P  S  R,  by  which  the  axis  of  the  telescope  must  deviate 
from  the  true  direction  of  the  star,  must  be  20"«5. 
(332.)  A  similar  reasoning  will  hold  good  when  the  direction 
Fig.  49.  ^^  ^^  earth's  motion  is  not  perpendicu- 

s  lar  to  the  visual  ray.    If  S  B  be  the  true 

direction  of  the  visual  ray,  and  AC  the 

position  in  which  the  telescope  requires  to 

IJ^^     \^\^  ^^  h®'^  ^^  ^^^  apparent  direction,  we  must 

still  have  the  proportion  B  C :  B  A : :  velo- 
city of  light :  velocity  of  the  earth : :  rad. : 

*  This  condition  is  indiapensable.  Without  it  we  fall  into  all  those  difficulties 
Dfhich  M.  Doppler  has  so  well  pointed  out  in  his  paper  on  Aberration  (Abhand- 
lungen  der  k.  boemischen  Gesellschaft  der  Wiisenachailan,  Folge  V.  toL  iil)  If 
light  itself  or  the  luminiferoas  ether,  be  corporeal,  the  condition  insisted  on  amounts 
to  a  formal  surrender  of  the  dogma,  either  of  the  extension  or  of  the  impenetra- 
bility of  matter ;  at  least  in  the  sense  in  which  those  terms  have  been  hitherto  used 
by  metaphysicians.  At  the  point  to  which  science  is  arrived,  probably  few  will  be 
found  disposed  to  maintain  eithei  the  one  or  the  other. 
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sme  of  2(y'*5  (for  in  such  small  angles  it  matters  not  ipvbetber 
we  use  the  sines  or  tangents).  But  we  have,  also,  by  trigo* 
nomf"*/,  B C  :  B  A  : :  sine  of  B  A  C  :  sine  of  A  C  B  or  C  B  D, 
which  last  is  the  apparent  displacement  caused  by  aberration. 
Thus  it  appears  that  the  sine  of  the  aberration,  or  (since  the  angle 
is  extremely  small)  the  aberration  itself,  is  proportional  to  the  sine 
of  the  angle  made  by  the  earth's  motion  in  space  with  the  visual 
ray,  and  is  therefore  a  maximum  when  the  line  of  sight  is  perpen- 
dicular to  the  direction  of  the  earth's  motion. 

(333.)  The  uranographical  effect  of  aberration,  then,  is  to  dis- 
tort the  aspect  of  the  heavens,  causing  all  the  stars  to  crowd  as  it 
were  directly  towards  that  point  in  the  heavens  which  is  the 
vanishing  point  of  all  lines  parallel  to  that  in  which  the  earth  is  for 
the  moment  moving.  As  the  earth  moves  round  the  sun  in  the 
plane  of  the  ecliptic,  this  point  must  lie  in  that  plane,  90^  in  ad- 
vance of  the  earth's  longitude,  or  90^  belnnd  the  sun's,  and  shiils 
of  course  continually,,  describing  the  circumference  of  the  ecliptic 
in  a  year.  It  is  easy  to  demonstrate  that  the  effect  on  each  parti- 
cular star  wiU  be  to  make  it  apparently  describe  a  small  ellipse  in 
the  heavens,  having  for  its  centre  the  point  in  which  the  star  would 
be  seen  if  the  earth  were  at  rest. 

(334)  Aberration  then  affects  the  apparent  right  ascensions  and 
declinations  of  all  the  stars,  and  that  by  quantities!  easily  calcula- 
ble. The  formulae  most  convenient  for  that  purpose,  and  which, 
systematically  embracing  at  the  same  time  the  corrections  for  pre- 
cession and  nutation,  enable  the  observer,  with  the  utmost  readi- 
ness, to  disencumber  his  observations  of  right  ascension  and  decli- 
nation of  their  influence,  have  been  constructed  by  Prof.  Bessel, 
and  tabulated  in  the  appendix  to  the  first  volume  of  the  Transac- 
tions of  the  Astronomical  Society,  where  they  will  be  found  ac- 
companied with  an  extensive  catalogue  of  the  places,  for  1830, 
of  the  principal  fixed  stars,  one  of  the  most  useful  and  best  arranged 
works  of  the  kind  which  has  ever  appeared. 

(335.)  When  the  body  from  which  the  visual  ray  emanates  is 
itself  in  motion,  an  effect  arises  which  is  not  properly  speaking 
aberration,  though  it  is  usually  treated  under  that  head  in  astro- 
nomical books,  and  indeed  confounded  with  it,  to  the  production 
of  some  confusion  in  the  mind  of  the  student.  The  effect  in  ques- 
tion (which  is  independent  of  any  theoretical  views  respecting  the 
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nature  of  light*)  may  be  explained  as  follows.  The  ray  by  which 
we  see  any  object  is  not  that  which  it  emits  at  the  moment  we 
look  at  it,  but  that  which  it  did  emit  some  time  before,  ptz.  die 
time  occupied  by  light  in  trayersing  the  interval  which  separates 
it  from  us.  The  aberration  of  such  a  body  then  arising  from  the 
earth's  velocity  must  be  applied  as  a  correction,  not  to  the  line 
joining  the  earth's  plaice  at  the  moment  of  observation  with  that 
occupied  by  the  body  at  the  same  moment^  but  at  that  antecedent 
instant  when  the  ray  quitted  it.  Hence  it  is  easy  to  derive  the 
rule  given  by  astronomical  writers  for  the  case  of  a  moving  object. 
From  the  knoum  laws  of  Us  motion  and  the  earth? s^  calculate  Us 
apparent  or  relative  angular  motion  in  the  time  taken  by  light  to 
traverse  Us  distance  from  the  earth.  Has  is  the  total  amount  tf 
Us  apparent  misplacement  Its  eflect  is  to  displace  the  body  ob* 
served  in  a  direction  contrary  to  its  apparent  motion  in  the  hea- 
vens. And  it  is  a  compound  or  aggregate  effect  consisting  of  two 
parts,  one  of  which  is  the  aberration,  properly  so  called,  resulting 
from  the  composition  of  the  earth's  motion  with  that  of  light,  the 
other  being  what  is  not  inaptly  termed  the  Equation  of  light j  being 
the  allowance  to  be  made  for  the  Hme  occupied  by  the  light  in 
traversing  a  variable  space. 

(336.)  The  complete  Beductiony  as  it  is  called,  of  an  astrono- 
mical observation  consists  in  applying  to  the  place  of  the  observed 
heavenly  body  as  read  off  on  the  instruments  (supposed  perfect 
and  in  perfect  adjustment)  five  distinct  and  independent  correc- 
tions, viz.  those  for  refraction,  parallax,  aberration,  precession, 
and  nutation.  Of  these  the  correction  for  refraction  enables  us  to 
declare  what  would  have  been  the  observed  place,  were  there  no 
atmosphere  to  displace  it.  That  for  parallax  enables  us  to  say 
from  its  place  observed  at  the  surface  of  the  earth,  where  it  would 
have  been  seen  if  observed  from  the  centre.    That  for  aberration, 

*  The  results  of  the  undulatory  and  corpuscalar  theories  of  light,  in  the  matter 
of  aherration  are,  in  the  main,  the  same.  We  say  in  the  main.  There  is^  hovr- 
ever,  a  minute  difference  even  of  numerical  results.  In  the  undulatoiy  doctrine, 
the  propagation  of  light  takes  place  with  equal  velocity  in  all  directions,  whether 
the  lumihaiy  be  at  rest  or  in  motion.  In  the  corpuscular,  with  An  excess  of  velocity 
in  the  direction  of  the  motion  over  that  in  the  contrary  equal  to  twice  the  veloci^ 
of  the  body's  motion.  In  the  case,  then,  of  a  body  moving  with  equal  velocity 
directly  to  and  directly  from  the  earth,  the  aberrations'  will  be  aUke  on  the  undulik- 
toiy,  but  di£^ent  on  die.  corpuscular  hypothesis.  The  utmost  diflerence  which  can 
arise  from  this  cause  in  our  tystem  cannot  amount  to  above  six  thousandths  of  a 
second. 
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where  it  would  fasve  been  observed  from  a  motionless,  instead  of 
a  moTing  station  :  while  the  corrections  for  precession  and  nuta- 
tion rofer  it  to  fixed  and  determinate  instead  of  constantly  varying 
celestial  circles.  The  great  importance  of  these  corrections,  which 
pervade  all  astronomy,  and  have  to  be  applied  to  every  observa- 
tion before  it  can  be  employed  for  any  practical  or  theoretical 
purpose,  renders  this  recapitulation  far  from  superfluous. 

(337.)  Refraction  has  been  already  sufficiently  explained^  Art. 
40,  and  it  is  only,  therefore,  necessary  here  to  udd  that  in  its  use 
as  an  astronomical  correction  its  amount  must  be  applied  in  a 
contrary  sense  to  that  in  which  it  aflects  the  observation ;  a  re- 
mark equally  applicable  to  all  other  corrections. 

(338.)  The  general  nature  of  parallax  or  rather  of  parallactic 
motion  has  also  been  explained  in  Art.  80.  But  parallax  in  the 
uranographical  sense  of  the  word  has  a  more  technical  meaning. 
It  is  understood  to  express  that  optical  displacement  of  a  body 
observed  which  is  due  to  its  being  observed,  not  from  that  point 
wfaiob  we  have  fixed  upon  as  a  conventional  central  station  (from 
which  we  conceive  the  apparent  motion  would  be  more  simple  in 
its  laws),  but  from  some  other  station  remote  from  such  conven- 
tional centre :  not  from  the  centre  of  the  earth,  for  instance,  but 
from  its  surface :  not  from  the  centre  of  the  sun  (which,  as  we 
shall  hereafter  see,  is  for  some  purposes  a  preferable  conventional 
station),  but  from  that  of  the  earth.  In  the  former  case  this 
optical  displacement  is  called  the .  diurnal  or  geocentric  parallax ; 
in  the  latter  the  annual  or  heliocentric.  In  either  case  parallax  is 
the  ccrrecHon  to  be  appUed  to  the  apparent  place  of  the  heavenly 
body,  as  actually  seen  from  the  station  of  observation,  to  reduce  it 
to  its  place  as  it  would  have  been  seen  at  that  instant  from  the 
conventional  station. 

(339.)  The  diurnal  or  geocentric  parallax  at  any  place  of  the 
earth's  surface  is  easily  calculated  if  we  know  the  distance  of  the 
body,  and,  vice  versdy  if  we  know  the  diurnal  parallax  that  dis- 
tance may  be  calculated.  For  supposing  S  the  object,  C  the 
centre  of  the  earth,  A  the  station  of  observation  at  its  surface,  and 
C  A  Z  the  direction  of  a  perpendicular  to  the  surface  at  A,  then 
will  the  object  be  seen  from  A  in  the  direction  A  S,  and  its 
apparent  zenith  distance  will  be  Z  A  S ;  whereas,  if  seen  from 
the  centre,  it  will  appear  in  the  direction  C  S,  with  an  angular 
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distance  from  the  zenith  of  A  eqaal  to  Z  C  S ;  so  that  Z  A  S 

Fig.50.  — ZCS  or  A  S  C  is  the  par- 

allax. Now  since  by  trigono- 
metryCS:  CA::sinCAS  = 
sin  Z  A  S  :  sin  A  S  C,  it  fol- 
lows  that  the  sine  of  the  parallax 
Radius  of  earth 

^T^4. FTTjTX  sin  Z  A  S. 

Distance  of  body 

(340. )  The  diurnal  or  geocen- 
tric parallax,  therefore,  at  a  given 
place,  and  for  a  given  distance 
of  the  body  observed,  is  propor- 
tional to  the  sine  of  its  apparent 
zenith  distance,  and  is,  there- 
fore, the  greatest  when  the  body 
is  observed  in  the  act  of  rising  or  setting,  in  which  case  its  par- 
allax is  called  its  horizontal  parallax,  so  that  at  any  other  zenith 
distance,  parallax  =3=  horizontal  parallax  x  sine  of  apparent  zenith 
distance,  and  since  A  C  S  is  always  less  than  Z  A  S  it  appears  that 
the  application  of  the  reduction  or  correction  for  parallax  always 
acts  in  diminution  of  the  apparent  zenith  distance  or  increase  of 
the  apparent  altitude  or  distance  from  the  Nadir,  t.  e.  in  a  contrary 
sense  to  that  for  refraction. 

(341.)  In  precisely  the  same  manner  as  the  geocentric  or  diur- 
nal parallax  refers  itself  to  the  zenith  of  the  observer  for  its  direc- 
tion and  quantitative  rule,  so  the  heliocentric  or  annual  paraUax 
refers  itself  for  its  law  to  the  point  in  the  heavens  diametrically 
opposite  to  the  place  of  the  sun  as  seen  from  the  earth.  Applied 
as  a  correction,  its  efiect  takes  place  in  a  plane  passing  through 
the  sun,  the  earth,  and  the  observed  body.  Its  efiect  is  always  to 
decrease  its  observed  distance  from  that  point  or  to  increase  its 
angular  distance  from  the  sun.  And  its  ;5ine  is  given  by  the  rela- 
tion, Distance  of  the  observed  body  from  the  sun :  distance  of  the 
earth  from  the  sun : :  sine  of  apparent  angular  distance  of  the  body 
from  the  sun  (or  its  apparent  elongation):  sine  of  heliocentric 
parallax.* 

(342.)  On  a  summary  view  of  the  whde  of  the  uranographical 

*  ThiB  account  of  the  law  of  heliocentric  parallax  is  in  anticipation  of  what 
foUowB  in  a  subsequent  chapter,  and  will  be  better  understood  by  the  student  when 
somewhat  farther  advanced. 
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corrections,  they  divide  themselves  into  two  classeS|  those  which 
doj  and  those  which  do  not^  alter  the  apparent  configurations  of 
the  heavenly  bodies  inter  se.  The  former  are  real^  the  latter  tech" 
fdcal  corrections.  The  real  corrections  are  refraction,  aberration 
and  parallax.  The  technical  are  precession  and  nutation,  unless, 
indeed,  we  choose  to  consider  parallax  as  a  technical  correction 
introduced  with  a  view  to  simplification  by  a  better  choice  of  our 
point  of  sight 

(343.)  The  corrections  of  the  first  of  these  classes  have  one 
peculiarity  in  respect  of  their  law,  common  to  them  all,  which  the 
student  of  practical  astronomy  will  do  well  to  fix  in  his  memory. 
They  all  refer  themselves  to  definite  apexes  or  points  of  convergence 
in  the  sphere.  Thus,  refraction  in  its  apparent  eflect  causes  all 
celestial  objects  to  draw  together  or  converge  towards  the  zenith 
of  the  observer :  geocentric  parallax,  towards  his  Nadir :  helio- 
centric, towards  the  place  of  the  sun  in  the  heavens :  aberration 
towards  that  point  in  the  celestial  sphere  which  is  the  vanishing 
point  of  all  lioes  parallel  to  the  direction  of  the  earth's  motion  at 
the  moment,  or  (as  will  be  hereafter  explained)  towards  a  point  in 
the  great  circle  called  the  ecliptic,  90^  behind  the  sun's  place  in 
that  circle.  When  applied  as  corrections  to  an  observation,  these 
directions  are  of  course  to  be  reversed. 

(344.)  In  the  quantitative  law,  too,  which  this  class  of  corrections 
follow,  a  like  agreement  takes  place,  at  least  as  regards  the  geo- 
centric and  heliocentric  parallax  and  aberration,  in  all  three  of 
which  the  amount  of  the  correction  (or  more  strictly  its  sine)  in- 
creases in  the  direct  proportion  of  the  sine  of  the  apparent  distance 
of  the  observed  body  firom  the  apex  appropriate  to  the  particular 
correction  in  question.  In  the  case  of  refraction  the  law  is  less 
simple,  agreeing  more  nearly  with  the  tangent  than  the  sine  of 
that  distance,  but  agreeing  with  the  others  in  placing  the  maxi- 
mum at  90^^  firom  its  apex. 

(345.)  As  respects  the  order  in  which  these  corrections  are  to 
be  applied  to  any  observation,  it  is  as  follows:  1.  Refraction ; 
2.  Aberration ;  3.  Geocentric  Parallax ;  4.  Heliocentric  Parallax ; 
5.  Nutation ;  6.  Precession.  Such,  at  least,  is  the  order  in  theo- 
retical strictness.  But  as  the  amount  of  aberration  and  nutation 
is  in  all  cases  a  very  minute  quantity,  it  matters  not  in  what  order 
they  are  applied ;  so  that  for  practical  convenience  they  are  always 
thrown  together  with  the  precession,  and  applied  after  the  others. 
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OF   THE    SUN'S   MOTION. 

APPA&ENT  MOTION  OF  THE   SUN  NOT   UNIFORM. — ^TTS  APPARENT  DI- 
AMETER  ALSO    YARIABLE.-^yARTATION    OF    ITS   DISTANCE    CX>]ff* 

CLUDED. — ITS  APPARENT  ORBIT  AN  ELLIPSE  ABOUT  THE  FOCUS. 

LAW  OF  THE  ANGULAR  VELOCITY. — EQUABLE  DESCRIPTION  OF 
AREAS.— PARALLAX  OF  THE  SUN. — ^ITS  DISTANCE  AND  MAGNI* 
TUDE.--^OP£RNICAN  EXPLANATION  OF  THE  SUN^S  APPARENT  MO- 
TION.— PARALLELISM  OF  THE  EARTH^S  AXIS. — THE  SEASONS.— 
HEAT    RECEIVED    FROM  THE   SUN   IN   DIFFERENT  PARTS   OF  THE 

ORBIT. — ^MEAN  AND   TRUE  LONGITUDES  OF  THE  SUN. ^EQUATION 

OF  THE  CENTRE. — SIDEREAL,  TROPICAL,  AND  ANOMALISTIC  YEARS. 

-*-J>HYSICAL  CONSTITUTION  OF  THE  SUN— ITS  SPOTS.— FACULJEl. 

PROBABLE  NATURE  AND  CAUSE  OF  THE  SPOTS.— ATMOSPHERE  OF 
THE  SUN — ITS  SUPPOSED  CLOUDS — TEMPERATURE  AT  ITS  SUB- 
FACE-A-ITS  EXPENDITURE  OF  HEAT.^-TERRESTRIAL  EFFECTS  OF 
SOLAR  RADUTION. 

(346.)  In  the  foregoing  chapters  it  has  been  shown  that  the 
apparent  path  of  the  sun  is  a  great  circle  of  the  tphere,  which  it 
performs  in  a  period  of  one  sidereal  year.  From  this  it  follows, 
that  the  line  joining  the  earth  and  sun  lies'  constantly  in  one  plane  ; 
and  that,  therefore,  whatever  be  the  real  motion  from  which  this 
apparent  motion  arises,  it  must  be  confined  to  one  plane,  which  is 
called  the  plane  of  the  ecliptic. 

(347.)  We  have  already  seen  (art.  146)  that  the  sun's  motion 
in  right  ascension  among  the  stars  is  not  uniform.  This  is  partly 
accounted  for  by  the  obliquity  of  the  ecliptic,  in  consequence  of 
which  equal  variations  in  longitude  do  not  correspond  to  equal 
changes  of  right  ascension.  But  if  we  observe  the  place  of  the 
sun  daily  throughout  the  year,  by  the  transit  and  circle,  and  from 
these  calculate  the  longitude  for  each  day,  it  will  still  be  found 
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tbat,  even  in  its  own  proper  path,  its  apparent  angular  motion  is 
hr  from  uniform.  The  change  of  longitude  in  twenty-four  mean 
solar  hours  averages  0^  59'  8"*33 ;  but  about  the  31st  of  Decem- 
ber it  amounts  to  1^  1'  S^'-D,  and  about  the  1st  of  July  is  only  O^ 
6V  li''*5.  Such  are  the  extreme  limits,  and  such  the  mean 
Talue  of  the  sun's  apparent  angular  velocity  in  its  annual  orbit. 

(348.)  This  variation  of  its  angular  velocity  is  accompanied  with 
a  corresponding  change  of  its  distance  from  us.  The  change  of 
distance  is  recognized  by  a  variation  observed  to  take  place  in  its 
apparent  diameter,  when  measured  at  different  seasons  of  the  year, 
w^ithan  instrument  adapted  for  that  purpose,  called  the  heliometerj^ 
or,  by  calculating  from  the  time  which  its  disc  takes  to  traverse 
the  meridian  in  the  transit  instrument.  The  greatest  apparent 
diameter  corresponds  to  the  1st  of  December,  or  to  the  greatest 
angular  velocity,  and  measures  32'  35''*6,  the  least  is  31^  31"«0 ; 
and  corresponds  to  the  1st  of  July ;  at  which  epochs,  as  we  have 
seen,  the  angular  motion  is  also  at  its  extreme  limit  either  way. 
Now,  as  we  cannot  suppose  the  sun  to  alter  its  real  size  periodi- 
cally, the  observed  change,  of  its  apparent  size  can  only  arise 
from  an  actual  change  of  distance.  And  the  sines  or  tangents  of 
such  small  arcs  being  proportional  to  the  arcs  themselves,  its  di»> 
tances  from  us,  at  the  above-named  epoch,  must  be  in  the  inverse 
proportion  of  the  apparent  diameters.  It  appears,  therefore,  that 
the  greatest,  the  mean,  and  the  least  distances  of  the  sun  from  us 
are  in  the  respective  proportions  of  the  numbers  1  *01679, 1*00000, 
and  0-98321 ;  and  that  its  apparent  angular  velocity  diminishes  as 
the  distance  increases,  and  vice  versd. 

(349.)  It  follows  from  this,  that  the  real  orbit  of  the  sun,  as 
referred  to  the  earth  supposed  at  rest,  is  not  a  circle  with  the  earth 
in  the  centre.  The  situation  of  the  earth  within  it  is  excentriCj  the 
eoxenlricUy  amounting  to  0*01679  of  the  mean  distance,  which 
may  be  regarded  as  our  unit  of  measure  in  this  inquiry.  But  be- 
ridesthis,  the  form  of  the  orbit  is  not  circular,  but  elliptic.  If 
from  any  point  O,  taken  to  represent  the  earth,  we  draw  a  line, 
O  A,  in  some  fixed  direction,  from  which  we  then  set  off  a  series 
of  angles,  A  0  B,  A  0  C,  &c.  equal  to  the  observed  longitudes  of 
the  sun  throughout  the  year,  and  in  these  respective  directions 
measure  off  from  O  the  distances  0  A,  0  B,  0  C,  &c.  representing 

*  'Hkbos  the  sun,  and  ^f  pccir  to  mMtrare. 
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the  distances  deduced  from  the  observed  diameter,  and  then  con- 
nect all  the  extremities  A,  B,  C,  &c. 
of  these  lines  by  a  continuous  curve, 
it  is  evident  this  will  be  a  correct 
representation  of  the  relative  orbit 
1^  of  the  sun  about  the  earth.  Now, 
/j^  when  this  is  done,  a  deviation  from 
the  circular  jBgure  in  the  resulting 
curve  becomes  apparent ;  it  is  found 
to  be  evidently  longer  than  it  is  broad — that  is  to  say,  elliptic, 
and  the  point  0  to  occupy,  not  the  centre^  but  one  of  the  foci  of 
the  ellipse.  The  graphical  process  here  described  is  sufficient  to 
point  out  the  general  figure  of  the  curve  in  question ;  but  for  the 
purposes  of  exact  verification,  it  is  necessary  tq  recur  to  the  pro- 
perties of  the  ellipse,*  and  to  express  the  distance  of  any  one  of 
its  points  in  terms  of  the  angular  situation  of  that  point  with  respect 
to  the  longer  axis,  or  diameter  of  the  ellipse.  This,  however,  is 
readily  done ;  and  when  numerically  calculated,  on  the  supposi- 
tion of  the  excentricity  being  such  as  above  stated,  a  perfect  coin- 
cidence is  found  to  subsist  between  the  distances  thus  compoted, 
and  those  derived  from  the  measurement  of  the  apparent  di- 
ameter. 

(350.)  The  mean  distance  of  the  earth  and  sun  being  taken  for 
unity,  the  extremes  are  1*01679  and  0*98321.  But  if  we  com. 
pare,  in  like  manner,  the  mean  or  average  angular  velocity  with 
the  extremes,  greatest  and  least,  we  shall  findTthese  to  be  in  the 
proportions  of  1*03386,  1*00000,  and  0*96670.'  The  variation 
of  the  sun's  angular  velocity^  then,  is  much  greater  in  proportion 
than  that  of  its  distance — ^fuUy  twice  as  great ;  and  if  we  examine 
its  numerical  expressions  at  diflferent  periods,  comparing  them  with 
the  mean  value,  and  also  with  the  corresponding  distances,  it  will 
be  found,  that,  by  whatever  fraction  of  its  mean  value  the  distance 
exceeds  the  mean,  the  angular  velocity  will  fall  short  of  Us  mean 
or  average  quantity  by  very  nearly  tvrice  as  great  a  fraction  of  the 
latter,  and  vice  versa.  Hence  we  are  led  to  conclude  that  the 
angular  velocity  is  in  the  inverse  proportion,  not  of  the  distance 
simply,  but  of  its  square;  so  that,  to  compare  the  daily  motion  in 

*  See  Conic  Sectioiu,  bj  the  Rev.  H.  P.  Hamilton,  or  any  other  of  the  very 
numerous  works  on  this  subject 
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longitude  of  the  sun,  at  one  point,  A,  of  its  path,  with  that  at  B, 
we  must  state  the  proportion  thus  :-* 

O  B'  :  O  A*  ::  daily  motion  at  A  :  daily  motion  at  B.    And 
this  is  found  to  be  exactly  verified  in  every  part  of  the  orbit. 

(351.)  Hence  we  deduce  another  remarkable  conclusion — ^viz. 
that  if  the  sun  be  supposed  really  to  move  around  the  circumference 
of  this  ellipse,  its  actual  speed  cannot  be  uniform,  but  must  be 
greatest  at  its  least  distance  and  less  at  its  greatest.  For,  were  it 
uniform,  the  apparent  angular  velocity  would  be,  of  course,  in- 
versely proportional  to  the  distance;  simply  because  the  same 
linear  change  of  place,  bemg  produced  in  the  same  time  at  differ- 
ent distances  from  the  eye,  must,  by  the  laws  of  perspective, 
correspond  to  apparent  angular  displacements  inversely  as  those 
distances.  Since,  then,  observation  indicates  a  more  rapid  law 
of  variation  in  the  angular  velocities,  it  is  evident  that  mere  change 
of  distance,  unaccompanied  with  a  change  of  actual  speed,  is  m- 
sufficient  to  account  for  it;  and  that  the  increased  proximity  of  the 
sun  to  the  earth  must  be  accompanied  with  an  actual  increase  of 
its  real  velocity  of  motion  along  its  path. 

(352.)  This  elliptic  form  of  the  sun's  path,  the  excentric  posi- 
tion of  the  earth  within  it,  and  the  unequal  speed  with  which  it  is 
actually  traversed  by  the  sun  itself,  all  tend  to  render  the  calculation 
of  its  longitude  from  theory  (i.  e,  from  a  knowledge  of  the  causes 
and  nature  of  its  motion)  difficult;  and  indeed  impossible,  so  long 
as  the  law  of  its  actual  velocity  continues  unknown.  This  /at9, 
however,  is  not  immediately  apparent.  It  does  not  come  forward, 
as  it  were,  and  present  itself  at  once,  like  the  elliptic  form  of 
the  orbit,  by  a  direct  comparison  of  angles  and  distances,  but 
requires  an  attentive  consideration  of  the  whole  series  of  observa- 
tions registered  during  an  entire  period.  It  was  not,  therefore, 
without  much  painful  and  laborious  calculation,  that  it  was  dis- 
covered by  Kepler  (who  was  also  the  first  to  ascertain  the  elliptic 
form  of  the  orbit),  and  announced  in  the  following  terms : — Let  a 
line  be  always  supposed  to  connect  the  sun,  su[^osed  in  motion, 
with  the  earth,  supposed  at  rest ;  then,  as  the  sun  moves  along  its 
ellipse,  this  line  (which  is  called  in  astronomy  the  radius  vector) 
will  describe  or  sweep  ever  that  portion  of  the  whole  area  or  surface 
of  the  ellipse  which  is  included  between  its  consecutive  positions: 
and  the  motion  of  the  sun  will  be  such  that  equal  areas  are  thus 
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swept  aver  by  the  revolving  radius  vector  in  equal  timesy  in  what- 
ever part  of  the  circumference  of  the  ellipse  the  sun  may  be  moving. 

(353,)  From  this  it  necessarily  follows,  that  in  unequal  times, 
the  areas  described  must  be  proportional  to  the  times.  Thus,  in 
the  figure  of  art.  349,  the  time  in  which  the  sun  moves  from  A  to 
B,  is  to  the  time  in  which  it  moves  from  G  to  D,  as  the  area  of  the 
elliptic  sector  A  0  B  is  to  the  area  of  the  sector  DOC. 

(354.)  The  circumstances  of  the  sun's  apparent  annual  motion 
may,  therefore,  be  summed  up  as  follows : — ^It  is  performed  in  an 
orbit  lying  in  one  plane  passing  through  the  earth's  centre,  called 
the  plane  of  the  ecliptic,  and  whose  projection  on  the  heavens  is 
the  great  circle  so  called.  In  this  plane,  however,  the  actual  path 
is  not  circular,  but  elliptical ;  having  the  earth,  not  in  its  centre, 
but  in  one  focus.  The  excentricity  of  this  ellipse  is  0-01679,  in 
parts  of  a  unit  equal  to  the  mean  distance^  or  half  the  longer  diame* 
ter  ofthe  elKpse ;  t.  e.  about  one  sixtieth  part  of  that  semi-diameter; 
and  the  motion  of  the  sun  in  its  circumference  is  so  regulated, 
that  equal  areas  of  the  ellipse  are  passed  over  by  the  radius  vector 
in  equal  times. 

(355.)  What  we  have  here  stated  supposes  no  knowledge  of 
the  sun's  actual  distance  from  the  earth,  nor,  consequently,  ofthe 
actual  dimensions  of  its  orbit,  nor  of  the  body  of  the  sun  itself.  To 
come  to  any  conclusions  on  these  points,  we  must  first  consider  by 
what  means  we  can  arrive  at  any  knowledge  of  the  distance  of  aa 
object  to  which  we  have  no  access.  Now,  it  is  obvious,  that  its 
parallax  alone  can  afford  us  any  information  on  this  subject.  Sup- 
pose P  A  B  Q  to  represent  the  earth,  C  its  centre,  and  S  the  sua, 
and  A,  B  two  situations  of  a  spectator,  or,  which  comes  to  the  same 


Fig.  52. 


thing,  the  stations  of  two  spectators,  both  observing  the  sun  S  at 
the  same  instant.  The  spectator  A  will  see  it  in  the  direction  A 
S  a,  and  will  refer  it  to  a  point  a  in  the  infinitely  distant  sphere  of 
the  fixed  stars,  while  the  spectator  B  will  see  it  in  the  direolion  B 
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S  hy  and  refer  it  to  6.  The  angle  included  between  these  direc- 
tions,  or  the  measure  of  the  celestial  arc  a  by  by  which  it  is  displaced^ 
is  equal  to  the  an^e  A  S  B ;  and  if  this  angle  be  known,  and  the 
local  situations  of  A  and  B,  with  the  part  of  the  earth's  surface  A 
B  included  between  themi  it  is  evident  that  the  distance  C  S  maj 
be  calculated.  Now,  since  A  S  C  (art.  339)  is  the  parallax  of 
the  sun  as  seen  ftom  A,  and  B  S  C  as  seen  from  B,  the  angle 
A  S  By  or  the  total  apparent  displacement  is  the  sum  of  the  two 
parallaxes.  Suppose,  then,  two  observers— one  in  the  northern, 
the  other  in  the  southern  hemisphere — at  stations  on  the  same 
meridian,  to  observe  on  the  same  day  the  meridian  altitudes  of 
the  sun's  centre.  Having  thence  derived  the  apparent  zenith  dis- 
tances, and  cleared  them  of  the  eflects  of  refraction,  if  the  distance 
of  the  sun  were  equal  to  that  of  dike  fixed  stars,  the  sum  of  the 
zenith  distances  thus  found  would  be  precisely  equal  to  the  sum 
of  the  latitudes  north  and  south  of  the  places  of  observation.  For 
the  sum  in  question  would  then  be  equal  to  the  angle  Z  C  X,  which 
is  the  meridional  distance  of  the  stations  across  the  equator.  But 
the  effect  of  parallax  being  in  both  cases  to  increase  the  apparent 
zenith  distances,  their  observed  sum  will  be  greater  than  the  sum 
of  the  latitudes,  by  the  sum  of  the  two  parallaxes,  or  by  the  angle 
A  S  B.  This  angle,  then,  is  obtained  by  subducting  the  sum  of 
the  north  and  south  latitudes  from  that  of  the  zenith  distances;  and 
this  once  determined,  the  hor^ntal  parallax  is  easily  found,  by 
dividing  the  angle  so  determined  by  the  sutn  of  the  sines  of  the 
two  latitudes. 

(366.)  If  the  two  stations  be  not  exactly  on  the  same  meridian 
(a  condition  yery  difiicnlt  to  fulfil),  the  same  process  will  apply, 
if  we  take  care  to  allow  for  the  change  of  the  sun's  actual  zenith 
distance  in  the  interval  of  time  elapsing  between  its  arrival  on  the 
meridians  of  the  stations.  This  change  is  readily  ascertained, 
either  from  tables  of  the  sun's  motion,  grounded  on  the  experience 
of  a  long  course  of  observations,  or  by  actual  observation  of  its 
meridional  altitude  on  several  days  before  and  afier  that  on  which 
the  ob8ervatk>ns  for  parallax  are  taken.  Of  course,  the  nearer  the 
lAations  are  to  each  other  in  longitude,  the  less  is  this  interval  of 
time,  and,  consequently,  the  smaller  the  amount  of  this  correction ; 
and,  therefore,  the  less  injurious  to  the  accuracy  of  the  final  result 
JM  any  uncertainty  in  the  daily  change  of  zenith  distance  which 
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maj  arise  from  imperfection  in  the  solar  tables,  or  in  the  obserra-        | 
tions  made  to  determine  it. 

(357.)  The  horizontal  parallax  of  the  san  has  been  concluded 
from  observations  of  the  nature  above  described,  performed  in  sta« 
tions  the  most  remote  from  each  other  in  latitude,  at  which  obser- 
vatories have  been  instituted.  It  has  also  been  deduced  from  other 
methods  of  a  more  refined  nature,  and  susceptible  of  much  greater 
exactness,  to  be  hereafter  described.  Its  amount  so  obtained,  is 
about  &'S,  Minute  as  this  quantity  is,  there  can  be  no  doubt 
that  it  is  a  tolerably  correct  approximation  to  the  truth ;  and  in 
conformity  with  it,  we  must  admit  the  sun  to  be  situated  at  a  mean 
distance  from  us,  of  no  less  than  23984  times  the  length  of  the 
earth's  radius,  or  about  96000000  miles. 

(358.)  That  at  so  vast  a  distance  the  sun  should  appear  to  us  of 
the  size  it  does,  and  should  so  powerfully  influence  our  condition 
by  its  heat  and  light,  requires  us  to  form  a  very  grand  conception 
of  its  actual  magnitude,  and  of  the  scale  on  which  those  important 
processes  are  carried  on  within  it,  by  which  it  is  enabled  to  keep 
up  its  liberal  and  unceasing  supply  of  these  elements.  As  to  its  ' 
actual  magnitude  we  can  be  at  no  loss,  knowing  its  distance,  and 
the  angles  under  which  its  diameter  appears  to  us.  An  object, 
placed  at  the  distance  of  95000000  miles,  and  subtending  an 
angle  of  32'  3",  must  have  a  real  diameter  of  882000  miles.  Such, 
then,  is  the  diameter  of  this  stupendous  globe.  If  we  compare  it 
with  what  we  have  already  ascertained  of  the  dimensions  of  our 
own,  we  shall  find  that  in  linear  magnitude  it  exceeds  the  earth  in 
the  proportion  111^  to  1,  and  in  bulk  in  that  of  1384472  to  1. 

(359.)  It  is  hardly  possible  to  avoid  associating  our  conception 
of  an  object  of  definite  globular  figure,  s^nd  of  sudi  enormous 
dimensions,  with  some  corresponding  attribute  of  massiveness  and 
material  solidity.  That  the  sun  is  not  a  mere  phantom,  but  a  body 
having  its  own  peculiar  structure  and  economy,  our  telescopes  dis- 
tinctly inform  us.  They  show  us  dark  spots  on  its  surface,  which 
slowly  change  their  places  and  forms,  and  by  attending  to  whose 
situation,  at  different  times,  astronomers  have  ascertained  that  the 
sun  revolves  about  an  axis  nearly  perpendicular  to  the  plane  of 
the  ecliptic,  performing  one  rotation  in  a  period  of  about  25  dajrs, 
and  in  the  same  direction  with  the  diurnal  rotation  of  the  earth, 
I.  e,  from  west  to  east.    Here,  then,  we  have  an  analogy  with  our 
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own  globe ;  the  slower  and  more  majestic  movement  only  corre- 
sponding with  the  greater  dimensions  of  the  machinery,  and  im* . 
pressing  ns  with  the  prevalence  of  similar  mechanical  laws,  and 
of,  at  least,  such  a  community  of  nature  as  the  existence  of  inertia 
and  obedience  to  force  may  argue.  Now,  in  the  exact  proportion 
in  which  we  invest  our  idea  of  this  immense  bulk  with  the  attri- 
bute of  inertia,  or  weight,  it  becomes  difficult  to  conceive  its  cir- 
culation round  so  comparatively  small  a  body  as  the  earth,  without, 
on  the  one  band,  dragging  it  along,  and  displacing  it,  if  bound  to 
it  by  some  invisible  tie ;  or,  on  the  other  hand,  if  not  so  held  to 
it,  pursuing  its  course  alone  in  space,  and  leaving  the  earth  behind. 
If  we  connect  two  solid  masses  by  a  rod,  and  fling  them  aloft,  we 
see  them  circulate  about  a  point  between  them,  which  is  their 
common  centre  of  gravity ;  but  if  one  of  them  be  greatly  more 
ponderous  than  the  other,  this  common  centre  will  be  proportion- 
ally nearer  to  that  one,  and  evei\  within  its  surface ;  so  that  the 
smaller  one  will  circulate,  in  fact,  about  the  larger,  which  will  be 
comparatively  but  little  disturbed  from  its  place. 

(360.)  Whether  the  earth  move  round  the  sun,  the  sun  round 
the  earth,  or  both  round  their  common  centre  of  gravity,  will 
make  no  difference,  so  far  as  appearances  are  concerned,  provided 
the  stars  be  supposed  sufficiently  distant  to  undergo  no  sensible 
apparent  parallactic  displacement  by  the  motion  so  attributed  to 
the  earth.  Whether  they  are  so  or  not  must  still  be  a  matter  of 
inquiry ;  and  from  the  absence  of  any  measurable  amount  of  such 
displacement,  we  can  conclude  nothing  but  this,  that  the  scale  of 
the  sidereal  universe  is  so  great,  that  the  mutual  orbit  of  the  earth 
and  sun  may  be  regarded  as  an  imperceptible  point  in  comparison 
with  the  distance  of  its  nearest  members.  Admitting,  then,  in 
conformity  with  the  laws  of  dynamics,  that  two  bodies  connected 
with  and  revolving  about  each  other  in  free  space  do,  in  fact, 
revolve  about  their  common  centre  of  gravity,  which  remains 
immoveable  by  their  mutual  action,  it  becomes  a  matter  of  further 
inquiTj,  whereabouts  between  them  this  centre  is  situated.  Me- 
chanics teach  us  that  its  place  will  divide  their  mutual  distance  in 
the  inverse  ratio  of  their  weights  or  masses;*  and  calculations 
grounded  on  phenomena,  of  which  an  account  will  be  given  fur- 
ther on,  inform  us  that  this  ratio,  in  the  case  of  the  sun  and  earth, 

*  Prindpia,  lib.  i*  lex.  iii.  cor.  14. 
14 
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is  actually  ihet  of  354936  to  1, — the  sud  being,  in  that  proporlioa, 
more  ponderous  than  the  earth.  From  this  it  will  follow  ihat  the 
common  point  about  which  they  both  circulate  is  only  267  tnilei 
from  the  sun's  centre,  or  about  uVn^b  part  of  its  own  diameter. 

(361.)  Henceforward,  then,  in  conformity  with  the  above  state- 
ments, and  with  the  Copemican  view  of  our  system,  we  must 
learn  to  look  upon  the  sun  as  the  comparatively  motionless  centre 
about  which  the  earth  performs  an  annual  elliptic  orbit  of  the 
dimensions  and  eccentricity,  and  with  a  velociiy,  regulated  accord- 
ing to  the  law  above  assigned  ;  the  sun  occupying  one.of  the  foci 
of  the  ellipse,  and  from  that  station  quietly  disseminating  on  all 
sides  its  light  and  heat;  while  the  earth  travelling  round  it,  and 
presenting  itself  differently  to  it  at  different  times  of  the  year  aod 
day,  passes  through  the  ?arieties  of  day  and  night,  summer  and 
winter,  which  we  enjoy. 

(362.)  In  this  annual  motion  pf  the  earth,  its  axis  preserves,  at 
all  times,  the  same  direction  as  if  the  orbitual  movement  had  no 
existence ;  and  is  carried  round  parallel  to  itself,  and  pointing 
always  to  the  same  vanishing  point  in  the  sphere  of  the  fi^^ed 
stars.  This  it  is  which  gives  rise  to  the  variety  of  seasons,  as  we 
shall  now  explain.  In  so  doing,  we  shall  neglect  (for  a  reason 
which  will  be  presently  explained)  the  ellipiicity  of  the  orbit,  and 
suppose  it  a  circle,  with  the  sun  in  the  centre. 
Fig.  63. 


(363.)  Let,  then,  S  represent  the  sun,  and  A,  B,  C,  D,  four 
positions  of  the  earth  in  its  orbit  90°  apart,  viz.  A  that  which  it 
has  on  the  21st  of  March,  or  at  the  lime  of  the  vernal  equinox ; 
B  that  of  the  21st  of  June,  or  the  summer  solstice  ;  C  that  of  the 
2Ut  of  September,  or  the  autumnal  equinox ;  and  D  that  of  ibe 
21st  of  December,  or  the  winter  solstice.     In  each  of  these  posi- 
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tioDS  let  P  Q  represent  the  axis  of  the  earth,  ilbout  which  its  diurnal 
rotation  is  performed  without  interfering  with  its  annual  motion  in 
its  orbit.  Then,  since  the  sun  can  only  enlighten  one  half  of  the 
surface  at  once,  yiz.  that  turned  towards  it,  the  shaded  portions  of 
the  globe  in  its  several  positions  will  represent  the  dark,  and  the 
bright,  the  enlightened  halves  of  the  earth's  surface  in  these  posi- 
tions. Now,  1st,  in  the  position  A,  the  sun  is  vertically  over  the 
intersection  of  the  equinoctial  ^F  £  and  the  ecliptic  H  6.  It  is, 
therefore,  in  the  equinox ;  and  in  this  position  the  poles  P  Q,  both 
fall  on  the  extreme  confines  of  the  enlightened  side.  In  this  posi- 
tion, therefore,  it  is  day  over  half  the  northern  and  half  the  south- 
ern hemisphere  at  once ;  and  as  the  earth  revolves  on  its  axis, 
every  point  of  its  surface  describes  half  its  diurnal  course  in  light, 
and  half  in  darkness ;  in  other  words,  the  duration  of  day  and 
night  is  here  equal  over  the  whole  globe :  hence  the  term  equinox. 
The  same  holds  good  at  the  autumnal  equinox  on  the  position  C. 

(364.)  B  is  the  position  of  the  earth  at  the  time  of  the  northern 
summer  solstice.  Here  the  north  pole  P,  and  a  considerable  por- 
tion of  the  earth's  surface  in  its  neighbourhood,  as  far  as  B,  are 
situated  vnthin  the  enlightened  half.  As  the  earth  turns  on  its  axis 
in  this  position,  therefore,  the  whole  of  that  part  remains  constantly 
enlightened ;  therefore,  at  this  point  of  its  orbit,  or  at  this  season 
of  the  year,  it  is  continual  day  al  the  north  pole,  and  in-  all  that 
region  of  the  earth  which  encircles  this  pole  as  far  as  B — ^that  is, 
to  the  distance  of  23^  28'  from  the  pole,  or  within  what  is  called 
in  geography,  the  arctic  circle.  On  the  other  hand,  the  opposite 
or  south  pole  Q,  with  all  the  region  comprised  within  the  antarctic 
circle,  as  far  as  23^  28^  from  the  south  pole,  are  immersed  at  this 
season  in  darkness  during  the  entire  diurnal  rotation,  so  that  it  is 
here  continual  night. 

(365.)  With  regard  to  that  portion  of  the  surface  comprehended 
between  the  arctic  and  antarctic  circles,  it  is  no  less  evident  that 
the  nearer  any  point  is  to  the  north  pole,  the  larger  will  be  the 
portion  of  its  diurnal  course  comprised  within  the  bright,  and  the 
smaller  within  the  dark  hemisphere  ;  that  is  to  say,  the  longer  will 
be  its  day,  and  the  shorter  its  night.  Every  station  north  of  the 
equator  will  have  a  day  of  more  and  a  night  of  less  than  twelve 
hours'  duration,  and  vice  versd.  All  these  phenomena  are  exactly 
inverted  when  the  earth  comes  to  the  opposite  point  D  of  its  orbit. 
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(366.)  Now,  the  temperature  of  any  part  of  the  earth's  surface 
depends  mainly  on  its  exposure  to  the  sun's  rays.  Whenever  the 
sun  is  above  tlie  horizon  of  any  place,  that  place  is  receiving  heat ; 
when  below,  parting  with  it,  by  the  process  called  radiation  ;  and 
the  whole  quantities  received  and  parted  with  in  the  year  (secondary 
causes  apart)  must  balance  each  other  at  every  station,  or  the  equi- 
librium of  temperature  (that  is  to  say,  the  constancy  which  is 
observed  to  prevail  in  the  annual  averages  of  temperature  as  indi- 
cated by  the  thermometer)  would  not  be  supported.  Whenever, 
then,  the  sun  remains  more  than  twelve  hours  above  the  horizon 
of  any  place,  and  less  beneath,  the  general  temperature  of  that 
place  will  be  above  the  average ;  when  the  reverse,  below.  As 
the  earth,  then,  moves  from  A  to  B,  the  days  growing  longer,  and 
the  nights  shorter,  in  the  northern  hemisphere,  the  temperature  of 
every  part  of  that  hemisphere  increases,  and  we  pass  from  Spring 
to  summer ;  while,  at  the  same  time,  the  reverse  obtains  in  the 
southern  hemisphere.  As  the  earth  passes  from  B  to  C,  the  days 
and  nights  again  approach  to  equality — the  excess  of  temperature 
in  the  northern  hemisphere  above  the  mean  state'  grows  less,  as 
well  as  its  defect  in  the  southern ;  and  at  th^  autumnal  equinox  C, 
the  mean  state  is  once  more  attained.  From  thence  to  D,  and, 
finally,  round  again  to  A,  all  the  same  phenomena,  it  is  obvious, 
must  dgain  occur,  but  reversed, — it  being  now  winter  in  the 
northern  and  summer  in  the  southern  hemisphere. 

(367.)  All  this  is  exactly  consonant  to  observed  fact.  The  con- 
tinual day  within  the  polar  circles  in  summer,  and  night  in  winter, 
the  general  increase  of  temperature  and  length  of  day  as  the  sun 
approaches  the  elevated  pole,  and  the  reversal  of  the  seasons  in 
the  northern  and  southern  hemispheres,  are  all  facts  too  well 
known  to  require  further  comment.  The  positions  A,  C  of  the 
earth  correspond,  as  we  have  said,  to  the  equinoxes ;  those  at  B, 
D  to  the  solstices.  This  term  must  be  explained.  If,  at  any  point, 
X,  of  the  ocbit,  we  draw  X  P  the  earth's  axis,  awd  X  S  to  the  sun, 
it  is  evident  that  the  angle  P  X  S  will  be  the  sun's  polar  distance. 
Now,  this  angle  is  at  its  maximum  in  the  position  D,  and  at  its 
minimum  at  B ;  being  in  the  former  case  =  90°  +  23°  28'  «  103° 
28',  and  in  the  latter  90°— 23°  28'  =  66°  32'.  At  these  points  the 
sun  ceases  to  approach  to  or  to  recede  from  the  pole,  and  hence 
the  name  solstice. 
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Fig.  54. 


(368.)  The  elliptic  form  of  the  earth^s  orbit  has  but  a  very  tri- 
fliDg  share  in  produciDg  the  variation  of  temperature  corresponding 
to  the  diflerence  of  seasons.  This  assertion  may  at  first  sight  seem 
iacompatible  with  what  we  know  of  the  laws  of  the  communica« 
tion  of  heat  from  a  luminary  placed  at  a  variable  distance.     Heat, 
like  light,  being  equally  dispersed  from  the  sun  in  all  directions, 
and  being  spread  over  the  surface  of  a  sphere  continually  enlarg* 
ing  as  we  recede  from  the  centre,  must,  of  course,  diminish  in 
intensity  according  to  the  inverse  proportion  of  the  sur&ce  of  the 
sphere  over  which  it  is  spread ;  that  is,  in  the  inverse  proportion 
of  the  square  of  the  distance.     But  we  have  seen  (art.  350,)  that 
this  is  also  the  proportion  in  which  the  angular  velocity  of  the  earth 
about  the  sun  varies.     Hence  it  appears,  that  the  momentary  sujh 
ply  of  heat  received  by  the  earth  from  the  sun  varies  in  the  exact 
proportion  of  the  angular  velocity,  i.  e.  of  the  moinentary  increase 
of  longitude :  and  from  this  it  follows,  that  equal  amounts  of  heat 
are  received  from  the  sun  in  passing  over  equal  angles  round  it| 
in  whatever  part  of  the  ellipse  those  angles  may  be  situated.  Let, 
then,  S  represent  the  sun ;  A  Q  M  P  the 
earth^s  orbit ;  A  its  nearest  point  to  the 
•un,  or,  as  it  is  called,  the  perihelion  of 
its  orbit ;  M  the  farthest,  or  the  aphelion  ; 
and  therefore  ASM  the  axis  of  the  ellipse. 
Now,  suppose  the  orbit  divided  into  two  c 
segments  by  a  straight  line  P  S  Q,  drawn 
through  the  sun,  and  anyhow  situated  as 
to   direction;   then,  if  we  suppose  the 
earth  to  circulate  in  the  direction  P  A  Q 
M  P,   it  will  have   passed  over  180°  of   longitude  in   moving 
from  P  to  Q,  and   as   many  in  moving  from  Q  to  P.     It  ap* 
pears,  therefore,  from  what  has  been  shown,  that  the  supplies 
of  heat  received  from  the  sun  will  be  equal  in  the  two  segments, 
in  whatever  direction  the  line  P  S  Q  be  drawn.      They  will, 
indeed,  be  described  in  unequal  times ;  that  in  which  the  peri- 
helion A  lies  in  a  shorter,  and  the  other  in  a  longer,  in   pro« 
portion  to  their  unequal  area :  but  the  greater  proximity  of  the  sun 
in  the  smaller  segment  compensates  exactly  for  its  more  rapid 
description,  and  thus  an  equilibrium  of  heat  is,  as  it  were,  main- 
tained.   Were  it  not  for  this,  the  excentricity  of  the  orbit  would 
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materially  influence  the  transition  of  seasons.  The  fluctuation  of 
distance  amounts  to  nearly  ^'(fth  of  its  mean  quantity,  and,  conse- 
quently, the  fluctuation  in  the  sun's  direct  heating  power  to  double 
this,  or  y^fith  of  the  whole.  Now,  the  perihelion  of  the  orbit  is 
.  situated  nearly  at  the  place  of  the  northern  winter  solstice ;  so  that, 
were  it  not  for  the  compensation  we  have  just  described,  the  efiect 
would  be  to  exaggerate  the  difference  of  summer  and  winter  in  the 
southern  hemisphere,  and  to  moderate  it  in  the  northern  ^  thus  pro- 
ducing a  more  violent  alternation  of  climate  in  the  one  hemisphere, 
and  an  approach  to  perpetual  spring  in  the  other.  As  it  is,  how- 
ever, no  such  inequality  subsists,  but  an  equal  and  impartial  distri- 
bution of  heat  and  light  is  accorded  to  both. 

(369.)  This  does  not  prevent,  however,  the  direct  impression 
of  the  solar  heat  in  the  height  of  summer, — ^the  glow  and  ardour 
of  his  rays,  under  a  perfectly  clear  sky,  at  noon,  in  equal  latitudes 
and  under  equal  circumstances  of  exposure, — ^from  being  very 
materially  greater  in  the  southern  hemisphere  than  in  the  northern. 
One  fifteenth  is  too  considerable  a  fraction  of  the  whole  intensity 
of  sunshine  not  to  aggravate  in  a  serious  degree  the  sufferings  of 
those  who  are  exposed  to  it  in  thirsty  deserts,  without  shelter.  The 
accounts  of  these  sufferings  in  the  interior  of  Australia,  for  in- 
stance, are  of  the  most  frightful  kind,  and  would  seem  far  to 
exceed  what  have  ever  been  undergone  by  travellers  in  the  north- 
ern deserts  of  Africa.* 

(370.)  A  conclusion  of  a  very  remarkable  kind,  recently  drawn 
by  Professor  Dove  from  the  comparison  of  thermometric  observa- 
tions at  different  seasons  in  very  remote  regions  of  the  globe,  may 
appear  on  first  sight  at  variance  with  what  is  above  stated.  That 
eminent  meteorologist  has  shown,  by  taking  at  all  seasons  the 
mean  of  the  temperatures  of  points  diametrically  opposite  to  each 
other,  that  the  mean  temperature  of  the  whole  earWs  surface  in 
June  considerably  exceeds  that  in  December.  This  result,  which 
is  at  variance  with  the  greater  proximity  of  the  sun  in  December, 
is,  however,  due  to  a  totally  different  and  very  powerful  cause, — 

*  See  the  account  of  Captain  Sturt's  exploration  in  Athensum,  No.  1013. 
**  The  ground  was  almost  a  molten  surface,  and  if  a  match  accidentally  fell  upon  it, 
it  immediately  ignited."  The  author  has  observed  the  temperature  of  the  surfiice 
soil  in  South  Africa  as  high  an  169^  Fahrenheit.  An  ordinary  lucifer  match  does 
not  ignite  when  simply  pressed  upon  a  smooth  surface  at  212^,  but  in  the  act  of 
wUhdravying  it,  it  takes  fire,  and  the  slightest  friction  upon  such  a  suiiiioe  of  course 
ignites  it. 
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the  greater  amount  of  land  in  that  hemisphere  which  has  its 
summer  solstice  in  June  (t.  e.  the  northern,  see  art.  362) ;  and  the 
fact  is  so  explained  by  him.  The  effect  of  land  under  sunshine 
is  to  thcow  heat  into  the  general  atmosphere,  and  so  distribute  it 
by  the  carrying  power  of  th^  latter  over  |he  whole  earth.  Water 
is  much  less  effective  in  this  respect,  the  heat  penetrating  its  depths, 
and  being  there  absorbed ;  so  that  the  surface  never  acquires  a 
very  elevated  temperature  even  under  the  equator. 

(371.)  The  great  key  to  simplicity  of  conception  in  astronomy, 
and,  indeed,  in  all  sciences  where  motion  is  concerned,  consists 
in  contemplating  every  movement  as  referred  to  points  which  are 
either  permanently  fixed,  or  so  nearly  so,  as  that  their  motions 
shall  be  too  small  to  interfere  materially  with  and  confuse  our 
notions.  In  the  choice  of  these  primary  points  of  reference,  too, 
we  must  endeavour,  as  far  as  possible,  to  select  such  a^  have 
simple  and  symmetrical  geometrical  relations  of  situation  with 
respect  to  the  ounces  described  by  the  moving  parts  of  the  system, 
and  which  are  thereby  fitted  to  perform  the  office  of  natural  centres 
— advantageous  stations  for  the  eye  of  reason  and  theory.  Having 
learned  to  attribute  an  orbitual  motion  to  the  earth,  it  loses  this 
advantage,  which  is  transferred  to  the  sun,  as  the  fixed  centre 
about  which  its  orbit  is  performed.  Precisely  as,  when  embarrass- 
ed by  the  earth's  diurnal  motion,  we  have  learned  to  transfer,  in 
imagination,  our  station  of  observation  from  its  surface  to  its  centre, 
by  the  application  of  the  diurnal  parallax ;  so,  when  we  come  to 
inquire  into  the  movements  of  the  planets,  we  shall  find  ourselves 
continually  embarrassed  by  the  orbitual  motion  of  our  point  of  view, 
unless,  by  the  consideration  of  the  annual  or  heliocentric  parallax j 
we  consent  to  refer  all  our  observations  on  them  to  the  centre  of 
the  sun,  or  rather  to  the  common  centre  of  gravity  of  the  sun,  and 
the  other  bodies  which  are  connected  with  it  in  our  system.  Hence 
arises  the  distinction  between  the  geocentric  nnd  Mliocentric  place 
of  an  object.  The  former  refers  its  situation  in  space  to  an  ima- 
ginary sphere  of  infinite  radius,  having  the  centre  of  the  earth  for 
its  centre — the  latter  to  one  concentric  with  the  sun.  Thus,  when 
we  speak  of  the  heliocentric  longitudes  and  latitudes  of  objects,  we 
suppose  the  spectator  situated  in  the  sun,  and  referring  them  by 
circles  perpendicular  to  the  plane  of  the  ecliptic,  to  the  great  circle 
marked  out  in  the  heavens  by  the  infinite  prolongation  of  that  plane. 
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(372.)  The  point  in  the  imaginary  concave  of  an  infinite  heaven, 
to  v^bicb  a  spectator  in  the  sun  refers  the  earth,  must,  of  course, 
be  diametrically  opposite  to  that  to  which  a  spectator  on  the  earth 
refers  the  sun's  centre ;  consequently  the  heliocentric  laiUude  of  the 
earth  is  always  nothing,  and  t^^  heliocentric  longitude  always  equal 
to  the  surCs  geocentric  longitude  +  180°.  The  heliocentric  equi- 
noxes and  solstices  are,  therefore,  the  same  as  the  geocentric  re* 
Tersely  named ;  and  to  conceive  them,  we  have  only  to  imagine 
a  plane  passing  through  the  sun^s  centre,  parallel  to,  the  earth's 
equator,  and  prolonged  infinitely  on  all  sides.  The  line  of  inter- 
section of  this  plane  and  the  plane  of  the  ecliptic  is  the  line  of 
equinoxes,  and  the  solstices  are  90^  distant  from  it. 

(373.)  The  position  of  the  longer  axis  of  the  earth's  orbit  is  a 
point  of  great  importance.  In  the  figure  (art.  368,)  let  E  C  L I  be 
the  ecliptic,  £  the  vernal  equinox,  L  the  autumnal  (t.  e,  the  points 
to  which  the  earth  is  referred  from,  the  svn  when  its  heliocentric 
longitudes  are  0^  and  180^  respectively).  Supposing  the  earth's 
motion  to  be  performed  in  the  direction  £  C  L  I,  the  angle  £  S  A, 
or  the  longitude  of  the  perihelion,  in  the  year  1800  was  99°  30'  5" : 
we  say  in  the  year  1800,  because,  in  point  of  fact,  by  the  operation 
of  causes  hereafter  to  be  explained,  its  position  is  subject  to  an 
extremely  slow  variation -of  about  12"  per  annum  to  the  eastward, 
and  which  in  the  progress  of  an  immensely  long  period — of  no 
less  than  20984  years — carries  the  axis  A  S  M  of  the  orbit  com- 
pletely round  the  whole  circumference  of  the  ecliptic.  But  this 
motion  must  be  disregarded  for  the  present,  as  well  as  many  other 
minute  deviations,  to  be  brought  into  view  when  they  can  be  better 
understood. 

(374.)  Were  the  earth's  orbit  a  circle,  described  with  a  uniform 
velocity  about  the  sun  placed  in  its  centre,  nothing  could  be  easier 
than  to  calculate  its  position  at  any  time  with  respect  to  the  line 
of  equinoxes,  or  its  longitude,  for  we  should  only  have  to  reduce 
to  numbers  the  proportion  following ;  viz.  One  year  :  the  time 
elapsed : :  360° :  the  arc  of  longitude  passed  over.  The  longitude 
so  calculated  is  called  in  astronomy  the  mean  longitude  of  the  earth. 
But  since  the  earth's  orbit  is  neither  circular,  nor  uniformly  de- 
scribed, this  rule  will  not  give  us  the  true  place  in  the  oibit  at  any 
proposed  moment.  Nevertheless,  as  the  eccentricity  and  deviation 
from  a  circle  are  small,  the  true  place  will  never  deviate  very  far  from 
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that  so  determined  (which,  for  distinction's  sake,  is  called  the 
mean  place)^  and  the  former  may  at  all  times  be  calculated  from 
the  latter,  by  applying  to  it  a  correction  or  equation  (as  it  is  termed), 
whose  amount  is  never  very  great,  and  whose  computation  is  a 
question  of  pure  geometry,  depending  on  the  equable  description 
of  areas  by  the  earth  about  the  sun.  For  since,  in  elliptic  motion 
according  to  Kepler's  law  above  stated,  areas  not  angles  are  de- 
scribed uniformly,  the  proportion  must  now  be  stated  thus ; — One 
year  :  the  time  elapsed : :  the  whole-  area  of  the  ellipse  :  the  area 
of  the  sector  swept  over  by  the  radius  vector  in  that  time.  This 
area,  therefore,  becomes  known,  and  it  is  then,  as  above  observed, 
a  problem  of  pure  geometry  to  ascertain  the  angle  about  the  sun 
(A  S  P,  Jig*  art.  368),  which  corresponds  to  any  proposed  frac- 
tional area  of  the  whole  ellipse  supposed  to  be  contained  in  the 
sector  APS.  Suppose  we  set  out  from  A  the  perihelion,  then 
will  the  angle  A  S  P  at  first  increase  more  rapidly  than  the  mean 
longitude^  and  will,  therefore,  during  the  whole  semi-revolution 
from  A  to  M,  exceed  it  in  amount ;  or,  in  other  words,  the  true 
place  will  be  in  advance  of  the  mean :  at  M,  one  half  the  year  will 
have  elapsed,  and  one  half  the  orbit  have  been  described,  whether 
it  be  circular  or  elliptic.  Here,  then,  the  mean  and  true  places 
coincide ;  but  in  all  the  other  half  of  the  orbit,  from  M  to  A,  the 
true  place  will  fall  short  of  the  mean,  since  at  M  the  angular 
motion  is  slowest,  and  the  true  place  from  this  point  begins  to  lag 
behind  the  mean — to  make  up  with  it,  however,  as  it  approaches 
A,  where  it  once  more  overtakes  it. 

(375.)  The  qQantity  by  which  the  true  longitude  of  the  earth 
differs  from  the  mean  longitude  is  called  the  equation  of  the  centre, 
and  is  additive  during  all  the  half-year,  in  which  the  earth  passes 
from  A  to  M,  beginning  at  0^  0'  0",  increasing  to  a  maximum, 
and  again  diminishing  to  zero  at  M  ;  after  which  it  becomes  sub- 
tractive,  attains  a  maximum  of  subtractive  magnitude  between  M 
and  A,  and  again  diminishes  to  0  at  A.  Its  maximum,  both  addi- 
tive and  subtractive,  is  1°  55'  33".3. 

(376.)  By  applying,  then,  to  the  earth's  mean  longitude,  the  equa- 
tion of  the  centre  corresponding  to  any  given  time  at  which  we 
would  ascetain  its  place,  the  true  longitude  becomes  known ;  and 
since  the  sun  is  always  seen  from  the  earth  in  180^  more  longitude 
than  the  earth  from  the  sun,  in  this  way  also  the  sun's  true  place  in 
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the  ecliptic  becomes  known.  The  calculation  of  the  equation  of 
the  centre  is  performed  by  a  table  constructed  for  that  purpose,  to 
be  found  in  all  <<  Solar  Tables." 

(377.)  The  maximum  value  of  the  equation  of  the  centre  (de* 
pends  only  on  the  ellipticity  of  the  orbit,  and  may  be  expressed  in 
terms  of  the  excentricity.  Vice  versd^  therefore,  if  the  former 
quantity  can  be  ascertained  by  observation,  the  latter  may  be  de- 
rived from  it ;  because,  whenever  the  law,  or  numerical  connec- 
tion, between  two  quantities  is  known,  the  one  can  always  be 
determined  from  the  other.  Now,  by  assiduous  observation  of 
the  sun's  transits  over  the  meridian,  we  can  ascertain,  for  every 
day,  its  exact  right  ascension,  and  thence  conclude  its  longitude 
(art.  309).  After  this,  it  is  easy  to  assign  the  angle  by  which  this 
observed  longitude  exceeds  or  falls  short  of  the  mean ;  and  the 
greatest  amount  of  this  excess  or  defect  which  occurs  in  the  whole 
year,  is  the  maximum  equation  of  the  centre.  This,  as  a  means 
of  ascertaining  the  excentricity  of  the  orbit,  is  a  far  more  easy  and 
accurate  method  than  that  of  concluding  the  sun's  distance  by 
measuring  its  apparent  diameter.  The  results  of  the  two  methods 
coincide,  however,  perfectly. 

(378.)  If  the  ecliptic  coincided  with  the  equinoctial,  the  effect 
of  the  equation  of  the  centre,  by  disturbing  the  uniformity  of  the 
sun's  apparent  motion  in  longitude,  would  cause  an  inequality  in 
its  time  of  coming  on  the  meridian  on  successive  days.  When 
the  sun's  centre  comes  to  the  meridian,  it  is  apparent  noon^  and  if 
its  motion  in  longitude  were  uniform,  and  the  ecliptic  coincident 
with  the  equinoctial,  this  would  always  coincide  with  mean  noon^ 
or  the  stroke  of  12  on  a  well-regulated  solar  clock.  But,  inde- 
pendent of  the  want  of  uniformity  in  its  motion,  the  obliquity  of 
the  ecliptic  gives  rise  to  another  inequality  in  this  respect ;  in  con- 
sequence of  which,  the  sun,  even  supposing  its  motion  in  the 
ecliptic  uniform,  would  yet  alternately,  in  its  time  of  attaining  the 
meridian,  anticipate  and  fall  short  of  the  mean  noon  as  shown  by 
the  clockr  For  the  right  ascension  of  a  celestial  object  forming  a 
side  of  a  right-angled  spherical  triangle,  of  which  its  longitude  is 
the  hypothenuse,  it  is  clear  that  the  uniform  increase  of  the  latter 
must  necessitate  a  deviation  from  uniformity  in  the  increase  of  the 
former. 

(379.)  These  two  causes,  then,  acting  conjointly,  produce,  in 
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fact,  a  very  considerable  fluctuation  in  the  time  as  shown  per 
clock,  when  the  sun  really  attains  the  meridian.  It  amounts,  in 
fact,  to  upwards  of  half  an  hour;  apparent  noon  sometimes  taking 
place  as  much  as  16^  min.  before  mean  noon,  and  at  others  as 
much  as  14^  min.  after.  This  difierence  between  apparent  and 
mean  noon  is  called  the  eqtiation  of  time^  and  is  calculated  and 
inserted  in  ephemerides  for  every  day  of  the  year,  under  that  title : 
or  else,  which  comes  to  the  same  thing,  the  moment,  in  mean  timey 
of  the  sun^s  culmination  for  each  day,  is  set  down  as  an  astrono- 
mical phenomenon  to  be  observed. 

(380.)  As  the  sun,  in  its  apparent  annual  course,  is  carried  along 
the  ecliptic,  its  declination  is  continually  varying  between  the  ex- 
treme limits  of  23^  28'  40"  north,  and  as  much  south,  which  it 
attains  at  the  solstices.  It  is  consequently  always  vertical  over 
some  part  or  other  of  that  zone  or  belt  of  the  earth's  surface  which 
lies  between  the  north  and  south  parallels  of  23^  28'  40".  These 
parallels  are  called  in  geography  the  tropics ;  the  northern  one  that 
of  Cancer^  and  the  southern,  of  Capricorn;  because  the  sun,  at 
the  respective  solstices,  is  situated  in  the  divisions,  or  signs  of  the 
ecliptic  so  denominated.  Of  these  signs  there  are  twelve,  each 
occupying  30^  of  its  circumference.  They  commence  at  the  ver- 
nal equinox,  and  are  named  in  order — Aries,  Taurus,  Gemini, 
Cancer,  Leo,  Virgo,  Libra,  Scorpio,  Sagittarius,  Capricornus, 
Aquarius,  Pisces.*  They  are  denoted  also  by  the  following  sym- 
bols ;— V,  8 ,  n,  25,  SI,  ^.  A,  «l.  / .  >J. »  X.  Longitude  itself  is 
also  divided  into  signs,  degrees,  and  minutes,  &c.  Thus  5*  27^ 
0'  corresponds  to  177°  0'. 

(381.)  These  Signs  are  purely  technical  subdivisions  of  the 
ecliptic,  commencing  from  the  actual  equinox,  and  are  not  to  be 
confounded  with  the  constellations  so  called  (and  sometimes  so 
symbolized.)  The  constellations  of  the  zodiac,  as  they  now  stand 
arranged  on  the  ecliptic,  are  all  a  full  <<  sign''  in  advance  or  antici- 
pation of  their  symbolic  cognomens  thereon  marked.  Thus  the 
constellation  Aries  actually  occupies  the  sign  Taurus  8 ,  the  con- 
stellation Taurus,  the  sign  Gemini  n,  and  so  on,  the  signs  having 

*  They  may  be  remembered  by  the  following  memorial  bexameten: — 
Sunt  Aries,  Taunu,  Gemini,  Cancer,  Leo,  Virgo, 
Libraqae,  ScorpiiM>  Ardtenens,  Caper,  Amphora,  Piaoea. 
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retreated*  among  the  stars  (together  with  the  equinox  theif  origin), 
by  the  efTeet  of  precession.  The  bright  star  Spica  in  the  consfel« 
lation  Virgo  (a  Virginis),  by  the  observations  of  Hipparchus,  128 
years  b.  c,  preceded,  or  was  westward  of  the  autumnal  equinox  ia 
longitude  by  6°.  In  1750  it  followed  or  stood  eastward  of  the 
same  equinox  by  20^  21'.  Its  place  then,  as  referred  to  the 
ecliptic  at  the  former  epoch,  would  be  in  longitude  5"  24°  0',  or 
in  the  24th  degree  of  the  sign  SL,  whereas  in  the  latter  epoch  it 
stood  in  the  21st  degree  of  ti^,  the  equinox  having  retreated  by 
26°  21'  in  the  interval,  1878  years,  elapsed.  To  avoid  this  source 
of  misunderstanding,  the  use  of  <(  signs"  and  their  symbols  in  the 
reckoning  of  celestial  longitudes  is  now  almost  entirely  abandoned, 
and  the  ordinary  reckoning  (by  degrees,  &c.  from  0  to  360) 
adopted  in  its  place,  and  the  names  Aries,  Virgo,  &c.  are  be- 
coming  restricted  to  the  constellations  so  called.f 

(382.)  When  the  sun  H  in  either  tropic,  it  enlightens,  as  we 
have  seen,  the  pole  on  that  side  the  equator,  and  shines  over  or 
beyond  it  to  the  extent  of  23°  28'  40".  The  parallels  of  latitude, 
at  this  distance  from  either  pole,  are  called  the  polar  circles,  and 
are  distinguished  from  each  other  by  the  names  arctic  and  antarctic. 
The  regions  within  these  circles  are  sometimes  termed  frigid  zones, 
while  the  b^It  between  the  tropics  is  called  the  torrid  zone,  and 
the  immediate  belts  temperate  zones.  These  last,  however,  are 
merely  names  given  for  the  sake  of  naming ;  as,  in  fact,  owing  to 
the  different  distribution  of  laud  and  sea  in  the  two  hemispheres^ 
zones  of  climate  are  not  co-terminal  with  zones  of  latitude. 

(383.)  Our  seasons  are  determined  by  the  apparent  passages  of 
the  sun  across  the  equinoctial,  and  its  alternate  arrival  in  the 
northern  and  southern  hemisphere.  Were  the  equinox  invariable, 
this  would  happen  at  intervals  precisely  equal  to  the  duration  of 
the  sidereal  year ;  but,  in  fact,  owing  to  the  slow  conical  motion 
of  the  earth's  axis  described  in  art.  317,  the  equinox  retreats  on 

*  Reireated  is  here  uied  with  reference  to  longitude^  not  to  the  apparent  diurnal 
motion. 

j*  When,  however,  the  place  of  the  sun  is  spoken  of,  the  old  usage  prevails. 
ThuSf  if  we  say  **  the  sun  is  in  Aries/'  it  would  be  interpreted  to  mean  between  0^ 
and  30^  of  longitude.  So  also, "  the  first  point  of  Aries'*  is  still  understood  to  mean 
the  vernal,  and  **  the  first  point  of  Libra,"  the  autumnal  equinox ;  and  so  in  a  few 
other  cases. 
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the  ecliptic,  and  meets  the  advancing  sun  somewhat  before  the 
whole  sidereal  circuit  is  completed.  The  annual  retreat  of  the 
equinox  is  50"*  1,  and  this  arc  is  described  by  the  sun  in  the  ecliptic 
in  20"  19*'9,  By  so  much  shorter^  then,  is  the  periodical  return 
of  our  seasons  than  the  true  sidereal  revolution  of  the  earth  round 
the  sun.  As  the  latter  period,  or  sidereal  year,  is  equal  to  365' 
6^  9»  9".6,  it  follows,  then,  that  the  former  must  be  only  365'  5^ 
48"  49"'7 ;  and  this  is  what  is  meant  by  the  tropical  year. 

(384.)  We  have  already  mentioned  that  the  longer  axis  of  the 
ellipse  described  by  the  earth  has  a  slow  motion  of  11 '^8  per 
annum  in  advance.  From  this  it  results,  that  when  the  earth, 
setting  out  from  the  perihelion,  has  completed  one  sidereal  period, 
the  perihelion  will  have  moved  forward  by  11  "-8,  which  arc  must 
be  described  by  the  earth  before  it  can  again  reach  the  perihelion. 
In  so  doing,  it  occupies  4"  39'«7,  and  this  must  therefore  be  added 
to  the  sidereal  period,  to  give  the  interVlil  between  two  consecutive 
returns  to  the  perihelion.  This  interval,  then,  is  365'  6**  13" 
49'-3,*  and  is  what  is  called  the  anomalistic  year.  All  these 
periods  have  their  uses  in  astronomy ;  but  that  in  which  mankind 
in  general  are  most  interested  is  the  tropical  year^  on  which  the 
return  of  the  seasons  depends,  and  which  we  thus  perceive  to  be 
a  compound  phenomenon,  depending  chiefly  and  directly  on  the 
annual  revolution  of  the  earth  round  the  sun,  but  subordinately  also, 
and  indirectly,  on  its  rotation  round  its  own  axis,  which  is  what 
occasions  the  precession  of  the  equinoxes ;  thus  affording  an  in- 
structive example  of  the  way  in  which  a  motion,  once  admitted  in 
any  part  of  our  system,  may  be  traced  in  its  influence  on  others 
with  which  at  first  sight  it  could  not  possibly  be  supposed  to  have 
any  thing  to  do. 

(385.)  As  a  rough  consideration  of  the  appearance  of  the  earth 
points  out  the  general  roundness  of  its  form,  and  more  exact  in- 
quiry has  led  us  first  to  the  discovery  of  its  elliptic  figure,  and,  in 
the  further  progress  of  refinement,  to  the  perception  of  minuter 
local  deviations  from  that  figure ;  so,  in  investigating  the  solar 
motions,  the  first  notion  we  obtain  is  that  of  an  orbit,  generally 
speaking,  round,  and  not  far  from  a  circle,  which,  on  more  careful 

*  The«e  numbera,  as  well  as  all  the  other  numerical  data  of  our  system,  are  taken 
from  Mr.  Baily's  Astronomical  Tables  and  Formulie,  unless  the  contrary  is  ex- 
pressed. 
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and  exact.examination,  proves  to  be  an  ellipse  of  small  excentricity, 
and  described  in  conformity  with  certain  laws  as  above  stated. 
Still  minuter  inquiry,  however,  detects  yet  smaller  deviations 
again  from  this  form  and  from  these  laws,  of  which  we  have  a 
specimen  in  the  slow  motion  of  the  axis  of  the  orbit  spoken  of  in 
art.  S7i ;  and  which  are  generally  comprehended  under  the  name 
of  perturbations  and  secular  inequalities.  Of  these  deviations,  and 
their  causes,  we  shall  speak  hereafter  at  length.  It  is  the  triumph 
of  physical  astronomy  to  have  rendered  a  complete  account  of  them 
all,  and  to  have  left  nothing  unexplained,  either  in  the  motions  of 
the  sun  or  in  those  of  any  other  of  the  bodies  of  our  system.  But 
the  nature  of  this  explanation  cannot  be  understood  till  we  have 
developed  the  law  of  gravitation,  and  carried  it  into  its  more  direct 
consequences.  This  will  be  the  object  of  our  three  following  chap- 
ters ;  in  which  we  shall  take  advantage  of  the  proximity  of  the 
moon,  and  its  immediate  connection  with  and  dependence  on  the 
earth,  to  render  it,  as  it  were,  a  stepping-stone  to  the  general  ex- 
planation of  the  planetary  movements.  We  shall  conclude  this 
by  describing  what  is  known  of  the  physical  constitution  of  the 
sun. 

(386).  When  viewed  through  powerful  telescopes,  provided 
with  coloured  glasses,  to  take  off  the  heat,  which  would  otherwise 
injure  our  eyes,  the  sun  is  observed  to  have  frequently  large  and 
perfectly  black  spots  upon  it,  surrounded  with  a  kind  of  border, 
less  completely  dark,  called  a  penumbra.  Some  of  these  are  re- 
presented at  a,  by  c,  (i,  in  Plate  I.  fig.  2,  at  the  end  of  this  volume. 
They  are,  however,  not  permanent.  When  watched  from  day  to 
day,  or  even  from  hour  to  hour,  they  appear  to  enlarge  or  contract, 
to  change  their  forms,  and  at  length  to  disappear  altogether,  or  to 
break  out  anew  in  parts  of  the  surface  where  none  were  before.  In 
such  cases  of  disappearance,  the  central  dark  spot  always  contracts 
into  a  point,  and  vanishes  before  the  border.  Occasionally  they 
break  up,  or  divide  into  two  or  more,  and  in  those  cases  offer 
every  evidence  of  that  extreme  mobility  which  belongs  only  to  the 
fluid  state,  and  of  that  excessively  violent  agitation  which  seems 
only  compatible  with  the  atmospheric  or  gaseous  state  of  matter. 
The  scale  on  which  their  movements  take  place  is  immense.  A 
single  second  of  angular  measure,  as  seen  from  the  earth,  cor- 
responds on  the  sun's  disc  to  461  miles;  and  a  circle  of  this 
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diameter  (containing  therefore  nearly  167000  square  miles)  is  the 
least  space  which  can  be  distinctly  discerned  on  the  sun  as  a 
visible  area.  Spots  have  been  observed,  however,  whose  linear 
diameter  has  been  upwards  of  45000  miles  ;*  and  even,  if  some 
records  are  to  be  trusted,  of  very  much  greater  extent.  That  such 
a  spot  should  close  up  in  six  weeks'  time  (for  they  seldom  last 
much  longer),  its  borders  must  approach  at  the  rate  of  more  than 
]  000  miles  a  day. 

(387.)  Many  other  circumstances  tend  to  corroborate  this  view 
of  the  subject.  The  part  of  the  sun's  disc  not  occupied  by  spots 
is  far  from  uniformly  bright.  Its  ground  is  finely  mottled  with  an 
appearance  of  minute,  dark  dots,  or  pores^  which,  when  attentively 
watched,  are  found  to  be  in  a  constant  state  of  change.  There  is 
nothing  which  represents  so  faithfully  this  appearance  as  the  slow 
subsidence  of  some  flocculent  chemical  precipitates  in  a  transpa- 
rent fluid,  when  viewed  perpendicularly  from  above :  so  faithfully, 
indeed,  that  it  is  hardly  possible  not  to  be  impressed  with  the  idea 
of  a  luminous  medium  intermixed,  but  not  confounded,  with  a 
transparent  and  non-luminous  atmosphere,  either  floating  as  clouds 
in  our  air,  or  pervading  it  in  vast  sheets  and  columns  like  flame,  or 
the  streamers  of  our  northern  lights,  directed  in  lines  perpendicular 
to  the  surface. 

(388.)  Lastly,  in  the  neighbourhood  of  great  spots,  or  exten- 
sive groups  of  them,  large  spaces  of  the  surface  are  often  observed 
to  be  covered  with  strongly  marked  curved  or  branching  streaks, 
more  luminous  than  the  rest,  called  faculty  and  among  these,  if 
not  already  existing,  spots  frequently  break  out.  They  may,  per- 
haps, be  regarded  with  most  probability,  as  the  ridges  of  immense 
waves  in  the  luminous  regions  of  the  sun's  atmosphere,  indicative 
of  violent  agitation  in  their  neighbourhood.  They  are  most  com- 
monly, and  best  seen,  towards  the  borders  of  the  visible  disc,  and 
their  appearance  is  as  represented  in  Plate  I.  fig.  1. 

(389.)  But  what  are  the  spots?  Many  fanciful  notions  have 
been  broached  on  this  subject,  but  only  one  seems  to  have  any 
degree  of  physical  probability,  viz.  that  they  are  the  dark,  or  at 
least  comparatively  dark,  solid  body  of  the  sun  itself,  laid  bare  to 
our  view  by  those  immense  fluctuations  in  the  luminous  regions  of 

*  Mayer,  Obs.  Mar.  16,  1768.     *<Ingeii«  macula  in  sole  conspiciebatur,  cujaa 
diasieter  — '^^  diam.  solis." 
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its  atmosphere,  to  which  it  appears  to  be  subject.    Respecting  the 
manner  in  nhicb  this  disclosure  lakes  place,  different  ideas  again 
have  been  advocated.     Lalande  (art.  3240,)  suggests,  that  emi- 
Fig.  S5.  nences  in  the  nature  of  moantains 

/      are  actually  laid  bare,  and  project 
J  J      above  the  luminous  ocean,  appear- 
y^M    ™B   black   above   it,   while    tbeir 
'''^/ff      shoaling   declivities   produce   the 
/V ^         penumbras,    where    the    luminous 
fluid  is  less  deep.     A  fatal  objec- 
tion to  this  theory  is  the  uniform 
shade  of   tbe   penumbra   and   its 


^'■ 


■^  -j^ 


sharp  termination,   both   inwards, 


where  it  joins  the  spot,  and  out- 
wards, where  it  borders  on  the  bright  surface.  A  more  probable 
view  has  been  taken  by  Sir  William  Herschel,*  who  considers  the 
luminous  strata  of  the  atmosphere  to  be  sustained  far  above  the 
level  of  tbe  solid  body  by  a  transparent  elastic  medium,  carrying 
on  its  upper  surface  (or  rather,  to  avoid  (be  former  objection,  at 
some  considerably  lower  level  within  Us  depth)  a  cloudy  stratum 
which,  being  strongly  illumiBated  from  above,  reflects  a  considera- 
ble portion  of  the  light  to  our  eyes,  and  forms  a  penumbra,  while 
the  solid  body  shaded  by  the  clouds,  reflects  none.  (See Jig.)  The 
temporary  removal  of  both  the  strata,  but  more  of  the  upper  than 
the  lower,  he  supposes  effected  by  powerful  upward  currents  of 
the  atmosphere,  arising,  perhaps,  from  spiracles  in  the  body,  or 
from  local  agitations. 

(390.)  When  the  spots  are  attentively  watched,  their  situation 
OB  the  disc  of  the  sun  is  observed  to  change.  They  advance 
regularly  towards  its  western  limb  or  border,  where  they  disappear, 
and  are  replaced  by  others  which  enter  at  the  eastern  limb,  and 
which,  pursuing  their  respective  courses,  in  their  turn  disappear 
at  tbe  western.  The  apparent  rapidity  of  this  movement  is  not 
uniform,  as  it  would  be  were  the  spots  dark  bodies  passing,  by  an 
independent  motion  of  tbeir  own,  between  the  earth  and  the  sun ; 
but  is  swiftest  in  the  middle  of  their  paths  across  the  disc,  and  very 
slow  at  its  borders.  This  is  precisely  what  would  he  the  case 
supposing  them  to  appertain  to  and  make  part  of  the  visible  surface 
•Phn.  Truii.1801. 
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of  the  sun's  globe,  and  to  be  carried  round  by  a  uniform  rotation 
of  that  globe  on  its  axis,  so  that  each  spot  should  describe  a  circle 
parallel  to  the  sun's  equator,  rendered  elliptic  by  th^e  effect  of  per- 
spective. Their  apparent  paths  also  across  the  disc  conform  to 
this  view  of  their  nature,  being,  generally  speaking,  ellipses,  much 
elongated,  concentric  with  the  sun's  disc,  eac!^  having  one  of  its 
chords  for  its  longer  axis>  and  all  these  axes  parallel  to  each  other. 
At  two,  periods  of  the  year  only  do  the  spots  appear  to  describe 
straight  lines,  viz.,  on  and  near  to  the  11th  of  June  and  the  12th 
of  December,  on  which  days,  therefore,  the  plane  of  the  circle, 
which  a  spot  situated  on  the  sun's  equator  describes  (and  conse- 
quently, the  plane  of  that  equator  itself),  passes  through  the  earth. 
Hence  it  is  obvious,  that  the  plane  of  the  sun's  equator  is  inclined 
to  that  of  the  ecliptic,  and  intersects  it  in  a  line  which  passes 
through  the  place  of  the  earth  on  these  days.  The  situation  of  this 
line,  or  the  line  of  the  nodes  of  the  sun*s  equator  as  it  is  called^  is, 
therefore,  defined  by  the  longitudes  of  the  earth  as  seen  from  the 
sun  at  those  epochs,  which  are  respectively  80^  21'  and  260*^21' 
(sb80^  2I'+180^)  being,  of  course,  diametrically  opposite  in 
direction. 

(391.)  The  inclination  of  the  sun's  axis  (that  of  the  plane  of  its 
equator)  to  the  ecliptic  is  determined  by  ascertaining  the  proportion 
of  the  longer  and  the  shorter  diameter  of  the  apparent  ellipse, 
described  by  any  remarkable,  well-defined  spot ;  m  order  to  do 
which,  its  apparent  place  on  the  sun's  disc  must  be  very  precisely 
ascertained  by  micrometric  measures,  repeated  from  day  to  day  as 
long  as  it  continues  visible,  (usually  about  12  or  13  days,  accord- 
ing to  the  magnitude  of  the  spots,  which  always  vanish  by  the 
eflect  of  foreshortening  before  they  attain  the  actual  border  of  the 
disc — but  the  larger  spots  being  traceable  clos^  to  the  limb  than 
the  smaller.*)  The  reduction  of  such  observations,  or  the  conclu- 
sion from  them  of  the  element  in  question,  is  complicated  with  the 
effect  of  the  earth's  motion  in  the  interval  of  the  observations,  and 
with  its  situation  in  the  ecliptic,  with  respect  to  the  line  of  nodes. 
For  simplicity,  we  will  suppose  the  earth  situated  as  it  is  on  the 
10th  of  March,  in  a  line  at  right  angles  to  that  of  the  nodes,  u  e» 
in  the  heliocentric  longitude  170^  21',  and  to  remain  there  sta- 

*  The  great  spot  of  December,  1719,  is  itated  to  have  been  seen  as  a  notch  in 
the  limb  cf  the  ton. 
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tionary  during  the  whole  passage  of  a  spot  across  the  disc.  In 
this  case  the  axis  of  rotation  of  the  sun  will  be  situated  in  a  plane 
passing  through  the  earth  and  at  right  angles  to  the  plane  of  the 
ecliptic.     Suppose  C  to  represent  the  sun's  centre,  P  C  p  its  axis. 

Fig.  66. 


£  C  the  line  of  sight,  P  N  Q  A  />  S  a  section  of  the  sun  passing 
through  the  earth,  and  Q  a  spot  situated  on  its  equator,  and  in  that 
plane,  and  consequently  in  the  middle  of  its  apparent  path  across 
the  disc.  If  the  axis  of  rotation  were  perpendicular  to  the  ecliptic, 
as  N  S,  this  spot  would  be  at  A,  and  would  be  seen  projected  on 
C,  the  centre  of  the  sun.  It  is  actually  at  Q,  projected  upon  D, 
at  an  apparent  distance  C  D  to  the  north  of  the  centre,  which  is 
the  apparent  smaller  semi-axis  of  the  ellipse  described  by  the  spot, 
which  being  known  by  micrometric  measurement,  the  value  of 

C  D 

or  the  cosine  of  Q  C  A,  the  bclination  of  the  sun's  equator 

C  N 

becomes  known,  C  N  being  the  apparent  semi-diameter  of  the  sun 

at  the  time.  At  this  epoch,  moreover,  the  northern  half  of  the 
circle  described  by  the  spot  is  visible  (the  southern  passing  behind 
the  body  of  the  sun),  and  the  south  pole  p  of  the  sun  is  within  the 
visible  hemisphere.  This  is  the  case  in  the  whole  interval  from 
December  llth  to  July  12th,  during  which,  the  visual  ray  fells 
upon  the  southern  side  of  the  sun's  equator.  The  contrary  hap- 
pens in  the  other  half  year,  from  July  12th  to  December  llth,  and 
this  is  what  is  understood  when  we  say  that  the  ascending  node 
(denoted  S2)  of  the  sun's  equator  lies  in  80^  21'  longitude — a  spot 
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on  the  equator  passing  that  node  being  then  in  the  act  of  ascending 
from  the  southern  to  the  northern  side  of  the  plane  of  the  ecliptic 
— 4iuch  being  the  conventional  language  of  astronomers  in  speak- 
ing of  these  matters. 

(392.)  If  the  obsenrations  are  made  at  other  seasons  (which, 
however,  are  the  less  fieivourable  for  this  purpose  the  more  remote 
they  are  from  the  epochs  here  assigned) ;  when  moreoyer,  as  in 
strictness  is  necessary,  the  motion  of  the  earth  in  the  interval  of 
the  measures  is  allowed  for  (as  for  a  change  of  the  point  of  sight) ; 
the  calculations  requisite  to  deduce  the  situation  of  the  axis  in 
space,  and  the  duration  of  the  revolution  around  it,  become  much 
more  mtricate,  and  it  would  be  beyond  the  scope  of  this  work  to 
enter  into  them.*  According  to  the  best  determinations  we  pos- 
sess, the  inclination  of  the  sun's  equator  to  the  ecliptic  is  about 
7^  20'  (its  nodes  being  as  above  stated),  and  the  period  of  rotation 
25  days  7  hours  48  minutes.f 

(393.)  The  region  of  the  spots  is  confined,  generally  speaking, 
within  about  26°  on  either  side  of  the  sun's  equator ;  beyond  30^ 
they  are  very  iturely  seen ;  in  the  polar  regions,  never.  The 
actual  equator  of  the  sun  is  also  less  frequently  visited  by  spots 
Ihan  the  adjacent  zones  on  either  side,  and  a  very  material  differ- 
ence in  their  frequency  and  magnitude  subsists  in  its  northern 
and  southern  hemisphere,  those  on  the  northern  preponderating 
in  both  respects.  The  zone  comprised  between  the  11th  and  16th 
degree  to  the  northward  of  the  equator  is  particularly  fertile  in 
large  and  durable  spots.  These  circumstances,  as  well  as  the 
frequent  occurrence  of  a  more  or  less  regular  arrangement  of  the 
spots,  when  numerous^  in  the  manner  of  belts  parallel  to  the 
equator,  point  evidently  to  physical  peculiarities  in  certain  parts  of 
the.  sun's  body  more  favourable  than  in  others  to  the  production 
of  the  spots,  on  the  one  hand ;  and  on  the  other,  to  a  general  in- 
fluence of  its  rotation  on  its  axis  as  a  determining  cause  of  their 
distribution  and  arrangement,  and  would  appear  indicative  of  a 
system  of  movements  in  the  fluids  which  constitute  its  luminous 

*  See  the  theory  in  Lalande'f  Afltronomjy  art.  3268,  and  Uie  fonnols  of  com* 
patationin  a  paper  by  Petenen  8chumache?f  Nachrichten,  No.  419. 

t  Bianchi  (Schumacber'a  Nach.,  483),  agreeing  with  Langier.  Delambre 
makee  it  36<i  0^  17^ ;  Petenen,  %6^  4^  80».  The  mclination  of  the  azie  is  uncer- 
tain to  half  a  degree,  and  the  node  to  several  degieea.  The  continual  changee  in 
the  apots  themeelTee  cauee  thii  uncertainty. 
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surface  bearing  no  remote  analogy  to  our  trade  mnds— from 
whatever  cause  arising.     (See  art  239,  et  seq.) 

(394.)  The  duration  of  individual  spots  is  commonly  not  great; 
some  are  formed  and  disappear  within  the  limit  of  a  single  transit 
across  the  disc — but  such  are  for  the  most  part  small  and  insignifi- 
cant. Frequently  they  make  one  or  two  revolutions,  being  recog* 
Dized  at  their  reappearance  by  their  situation  with  respect  to  the 
equator,  their  configurations  inter  se,  their  size,  or  other  peculiari- 
ties,  as  well  as  by  the  interval  elapsing  between  their  disappearance 
at  one  limb  and  reappearance  on  the  other.  <  In  a  few  rare  cases, 
however,  they  have  been  watcbed  round  many  revolutions.  The 
great  spot  of  1779  appeared  during  six  months,  and  one  and  the 
same  groupe  was  observed  in  1840  by  Schwabe  to  return  eight 
times.*  It  has  been  surmised,  with  considerable  apparent  proba- 
bility, that  some  spots,  at  least,  are  generated  again  and  again,  at 
distant  intervals  of  time,  over  the  same  identical  points  of  the  sun's 
body  (as  hurricanes,  for  example,  are  known  to  afiect  given 
localites  on  the  earth^s  surface,  and  to  pursue  definite  tracks).  The 
uncertainty  which  still  prevails  with  respect  to  the  exact  duration 
of  its  rotation  renders  it  very  difficult  to  obtain  convincing  evidence 
of  this;  nor,  indeed,  can  it  be  expected,  until  by  bringing  together 
into  one  connected  view  the  recorded  state  of  the  sun's  surface 
during  a  very  long  period  of  time,  and  comparing  together  remark* 
able  spots  which  have  appeared  an  the  same  parallel^  some  precise 
periodic  time  shall  be  found  which  shall  exactly  conciliate  numer- 
ous and  well-characterized  appearances.  The  inquiry  is  one  of 
singular  interest,  as  there  can  be  no  reasonable  doubt  that  the 
supply  of  light  and  heat  afforded  to  our  globe  stands  in  intimate 
connexion  with  those  processes  which  are  taking  place  on  the  solar 
surface,  and  to  which  the  spots  in  some  way  or  other  owe  their 
origin. 

(395.)  Above  the  luminous  surface  of  the  sun,  and  the  region 
in  which  the  spots  reside,  there  are  strong  indications  of  the  exist- 
ence of  a  gaseous  atmosphere  having  a  somewhat  imperfect  trans- 
parency. When  the  whole  disc  of  the  sun  is  seen  at  once  through 
a  telescope  magnifyimg  moderately  enough  to  allow  it,  and  with  a 

*  Sdmiii.  Naoh.  No.  418,  p.  160.  The  rac«nt  ptpcn  of  Biela,  Capood, 
Schwake,  Paato4  aad  Schmidt,  in  that  ooOactian,  will  be  fimiid  hishly  imcf- 
eeting. 
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daikening  glass  sach  as  to  so&r  it  to  be  contemplated  with  perfect 
comfort,  it  is  yeiy  erident  that  the  borders  of  the  disc  are  much 
less  laminoas  than  the  centre.  That  this  is  no  Ulasion  is  shown 
by  projecting  the  son's  image  undarkened  and  moderately  magni* 
fiedy  so  as  to  occupy  a  circle  two  or  three  inches  in  dtameter,  on  a 
sheet  of  white  paper,  taking  care  to  hare  it  well  in  focus,  when  the 
same  appearance  will  be  observed.  This  can  only  arise  from  the 
circumferential  rays  having  undergone  the  absorptive  action  of  a 
moch  greater  thickness  of  some  imperfectly  transparent  envelope 
(due  to  greater  obliquity  of  their  passage  through  it)  than  the 
central. — But  a  still  more  convincing  and  indeed  decisive  evidence 
B  offered  by  the  phenomena  attending  a  total  eclipse  of  the  sun. 
Such  eclipses  (as  will  be  shown  hereafter)  are  produced  by  the 
interpositioa  of  the  dark  body  of  the  moon  between  the  earth  and 
sun,  the  moon  being  large  enough  to  cover  and  surpass,  by  a  very 
small  breadth^  the  whole  disc  of  the  sun.  Now  when  this  takes 
place,  were  there  no  vaporous  atmosphere  capable  of  reflecting 
any  light  about  the  sun,  the  sky  ought  to  appear  totally  dark, 
since  (as  will  hereafter  abundantly  appear)  there  is  not  the  smallest 
reason  for  believing  the  moon  to  have  any  atmosphere  capable  of 
doing  so.  So  far,  however,  is  this  from  being  the  case,  that  a 
bright  ring  or  corona  of  light  is  seen,  fading  gradually  away,  as 
represented  m  PL  I.  fig.  3,  which  (in  cases  where  the  moon  is  not 
centrally  supeiposed  on  the  sun)  is  observed  to  be  concentric  with 
the  latter,  not  the  former  body.  This  corona  was  beautifully  seen 
in  the  eclipse  of  July  7,  1842,  and  with  this  most  remarkable 
addition — ^witnessed  by  every  spectator  in  Pavia,  Milan,  Vienna, 
and  elsewhere :  three  distinct  and  very  conspicuous  rose-coloured 
protuberances  (as  represented  in  the  figure  cited)  were  seen  to 
project  beyond  the  dark  limb  of  the  moon,  likened  by  some  to 
flames,  by  others  to  mountains,  but  which  their  enormous  magni* 
tude  (for  to  have  been  seen  at  all  by  the  naked  eye  their  height 
must  have  exceeded  40,000  miles),  and  their  faint  degree  of  illu- 
mination, clearly  prove  to  have  been  cloudy  masses  of  the  most 
excessive  ienuUy^  and  which  doubtless  owed  their  support,  and 
probably  their  existence,  to  such  an  atmosphere  as  we  are  now 
speaking  of. 

(396.)  That  the  temperature  at  the  visible  surface  of  the  sun 
cannot  be  otherwise  than  very  elevated,  much  more  so  than  any 
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artificial  heat  produced  in  our  farnaces,  or  by  chemical  or  galvanic 
processes,  vre  harie  indications  of  several  distinct  kinds :  Ist,  From 
the  law  of  decrease  df  radiant  heat  and  light,  which,  being  in- 
versely as  the  squares  of  the  distances,  it  follows,  diat  the  heat 
received  on  a  given  area  exposed  at  the  distance  of  the  earth,  and 
on  an  equal  area  at  the  visible  surface  of  the  sun,  most  be  in  th^ 
proportion  of  the  area  of  the  sky  occupied  by  the  sun's  apparent 
disc  to  the  whole  hemisphere,  or  as  1  to  about  300000.  A  far  less 
intensity  of  solar  radiation,  collected  in  the  focus  of  a  burning 
glass,  suffices  to  dissipate  gold  and  platina  in  vapour.  2dly,  From 
the  facility  with  which  the  calorific  rays  of  the  sun  traverse  glass, 
a  property  which  is  found  to  belong  to  the  heat  of  artificial  fires 
in  the  direct  proportion  of  their  intensity.*  3dly,  From  the  fact, 
that  the  most  vivid  flames  disappear,  and  the  most'  intensely  ig- 
nited solids  appear  only  as  black  spots  ,on  the  disc  of  the  sun  when 
held  between  it  and  the  eye.f  From  the  last  remark  it  follows, 
that  the  body  of  the  sun,  however  dark  it  may  appear  when  seen 
through  its  spots,  may,  nevertheless,  be  in  a  state  of  most  intense 
ignition.  It  does  not,  however,  follow  of  neces^ty  that  it  must 
be  so.  The  contrary  is  at  least  physically  possible.  A  perfectly 
refUcHoe  canopy  would  eflectually  defend  it  from  the  radiation  of 
the  luminous  regions  above  its  atmosphere,  and  no  heat  would  be 
conducted  downwards  through  a  gaseous  medium  increasing 
rapidly  in  density.  That  the  penumbral  clouds  are  highly  reflec- 
tive, the  fact  of  their  visibility  in  such  a  situation  can  leave  no 
doubt. 

(397.)  As  the  magnitude  of  the  sun  has  been  measured,  and 
(as  we  shall  hereafter  see)  its  weight,  or  quantity  of  ponderable 
matter,  ascertained,  so  also  attempts  have  been  made,  and  not 
wholly  without  success,  from  the  heat  actually  communicated  by 
its  rays  to  given  surfaces  of  material  bodies  exposed  to  their  ver- 
tical action  on  the  earth's  surface,  to  estimate  the  total  expenditure 

*  By  direct  measarement  with  the  aetinometer,  I  find  that  oat  of  1000  calorific 
aolar  nya,  816  penetrate  a  sheet  of  plate  glaas  0*(2  inch  thick ;  and  that  of  1000 
rays  which  have  paaed  through  one  such  plate,  869  are  capable  of  paaeing  through 
another.    H.  1827. 

f  The  ball  of  ignited  quicklime,  in  Lieutenant  Brummond^s  ozy-hydrogen  lamp, 
gives  the  nearest  imitation  of  the  solar  splendour  which  has  yet  been  produced. 
The  appearance  of  this  against  the  sun  was,  howcTer,  as  described  in  an  imperfect 
trial  at  which  I  was  present.  The  experiment  ought  to  be  repeated  under  fiiTonr 
able  dieomstances.^ — Note  tothted^of  1888. 
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of  heat  by  that  luminary  in  a  given  time.  The  result  of  such 
experiments  has  been  thus  announced.  Supposing  a  cylinder  of 
ice  45  miles  in  diameter^  to  be  continually  darted  into  the  sun 
toith  the  velocity  of  lights  and  that  the  water  produced  by  fts  fusion 
were  continually  carried  off,  the  heat  now  given  off  constantly  by 
radiation  would  then  be  wholly  expended  in  its  liquefaction,  on 
the  one  hand,  so  as  to  leave  no  radiant  surplus ;  while,  on  the 
other,  the  actual  temperature  at  its  surface  would  undergo  no 
diminution. 

(398.)  This  immense  escape  of  h^at  by  radiation,  we  may 
remark,  will  fully  explain  the  constant  state  of  tumultuous  agita- 
tion in  which  the  fluids  composing  the  visible  surface  are  main* 
tained,  and  the  continual  generation  and  filling  in  of  the  poreSf 
without  havmg  recourse  to  internal  causes.  The  mode  of  action 
here  alluded  to  is  perfectly  represented  to  the  eye  in  the  disturbed 
subsidence  of  a  precipitate,  as  tlescribed  in  art.  386,  when  the 
fluid  from  which  it  subsides  is  warm,  and  losing  beat  from  its 
surface. 

(399.)  The  sun's  rays  are  the  ultimate  source  of  almost  every 
motion  which  takes  place  on  the  surface  of  the  earth.  By  its  heat 
are  produced  all  winds,  and  those  disturbances  in  the  electric  equi- 
librium of  the  atmosphere  which  give  rise  to  the  phenomena  of 
lightning,  and  probably  also  to  those  of  terrestrial  magnetism  and 
the  aurora.  By  their  vivifying  action  vegetables  are  enabled  to 
draw  support  from  inorganic  matter,  and  become,  in  their  turn, 
the  support  of  animals  and  of  man,  and  the  sources  of  those  great 
deposits  of  dynamical  efficiency  which  are  laid  up  for  human  use 
in  our  coal  strata.*  By  them  the  waters  of  the  sea  are  made  to 
circulate  in  vapour  through  the  air,  and  irrigate  the  land,  produc- 
ing springs  and  rivers.  By  them  are  produced  all  disturbances  of 
the  chemical  equilibrium  of  the  elements  of  nature,  which,  by  a 
series  of  compositions  and  decompositions,  give  rise  to  new  pro- 
ducts, and  originate  a  transfer  of  materials.  Even  the  slow  degra- 
dation of  the  solid  constituents  of  the  surface,  in  which  its  chief 
geological  changes  consist,  is  almost  entirely  due  on  the  one  hand 
to  the  abrasion  of  wind  and  rain,  and  the  alternation  of  heat  and 
frost ;  on  the  other  to  the  continual  beating  of  the  sea  waves,  agi- 
tated by  winds,  the  results  of  solar  radiation.    Tidal  action  (itself 

*  So  in  the  edition  of  1833. 
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pardy  due  to  the  sun's  agencj)  exercises  here  a  comparatively 
slight  influence.  The  effect  of  oceanic  currents  (mainly  originat- 
ing in  that  influence),  though  slight  in  abrasion,  is  powerful  in 
difTusin^  and  transporting  the  matter  abraded ;  and  when  we^  con- 
sider the  immense  transfer  of  matter  so  produced,  the  increase  of 
pressure  over  large  spaces  in  the  bed  of  the  ocean,  and  diminution 
over  corresponding  portions  of  the  land,  we  are  not  at  a  loss  to 
perceive  how  the  elastic  power  of  subterranean  fires,  thus  repressed 
on  the  one  hand  and  relieved  on  the  other,  may  break  forth  in 
points  when  the  resistance  is  barely  adequate  to  their  retention, 
and  thus  bring  the  phenomena  of  even  volcanic  activity  under  the 
general  law  of  solar  influence/ 

(400.)  The  great  mystery,  however,  is  to  conceive  how  so  enor- 
mous a.conflagration  (if  such  it  be)  can  be  kept  up.  Every  dis- 
covery in  chemical  science  here  leaves  us  completely  at  a  loss,  or 
rather,  seems  to  remove  farther  the  prospect  of  probable  explana- 
tion. If  conjecture  might  be  hazarded,  we  should  look  rather  to 
the  known  possibility  of  an  indefinite  generation  of  heat  by  fric- 
tion, or  to  its  excitement  by  the  electric  discharge,  than  to  any 
actual  combustion  of  ponderable  fuel,  whether  solid  oi^  gaseous, 
for  the  origin  of  the  solar  radiation.f 

*  80  in  the  editi<m  of  1833. 

"I*  Electricity  traTersing  ezceisiTely  rarefied  air  or  Tapours,  gives  out  light,  and, 
doubtless,  also  heat  May  not  a  continual  current  of  electric  matter  be  constantly 
ctieulating  in  the  sun's  immediate  neighbouihood,  or  traversing  the  planetary 
spaces,  and  exciting,  in  the  upper  regions  of  its  atmosphere,  tbose  phenomena  of 
which,  on  however  diminutive  a  scale,  we  have  yet  an  unequivocal  manifestation 
in  our  aurora  boiealis.  The  possible  analogy  of  the  solar  Ught  to  that  of  the 
aurora  has  been  distinctly  insisted  on  by  the  late  Sir  W.  Herschel,  in  his  paper 
already  cited.  It  would  be  a  highly  curious  subject  of  experimental  inquiry,  how 
iar  a  mere  reduplication  of  sheets  of  flame,  at  a  distance  one  behind  the  other  (by 
which  their  Ught  might  be  brought  to  any  required  intensity),  would  communicate 
to  the  heat  of  the  resulting  compound  ray  the  penetrating  character  which  distin- 
guishes the  solar  calorific  rays.  We  may  also  observe  that  the  tranquillity  of  the 
■an's  polar,  as  compared  with  its  equiatorial  regions  (if  ite  spots  be  really<  atmos- 
pheric), cannot  be  accounted  for  by  its  rotation  on  its  axis  only,  but  mutt  arise 
from  some  cause  external  to  the  luminous  eurfaee  of  the  sun,  as  we  see  the  belts 
of  Jupiter  and  iSatum,  and  our  trade-winds,  arise  from  a  cause,  external  to  these 
planets,  combining  itself  with  their  rotetion,  which  alone  can  produce  no  motions 
when  once  the  form  of  equilibrium  is  attained. 

The  prismatic  analysis  of  the  solar  beam  exhibite  in  the  spectrum  a  series  of 
**  fixed  lines^"  totelly  unlike  those  which  belong  to  the  light  of  any  known  terres- 
trial flame*  This  may  hereafter  lead  us  to  a  clearer  insight  into  ite  origin.  But, 
before  we  can  draw  any  conclusions  from  sudi  an  indication,  we  must  recollect,  that 
previous  to  reaching  us  it  has  undergone  the  whole  absorptive  action  of  our  atmoo- 
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piMia,  IS  ireD  as  of  the  sun's.  Of  the  latter  we  know  nothing,  and  may  oonjeo- 
tnze  ereiy  thing ;  bat  of  the  blue  colour  of  the  former  we  are  sure ;  and  if  this  be 
an  inherent  (u  e,  an  absorptrve)  colour,  the  air  murt  be  expected  to  act  on  the 
spectrum  aAer  the  analogy  of  other  oolouced  media,  which  often  (and  eapedaUy 
Mgki  bhe  media)  leave  unabioibed  portions  separated  by  daik  intervals.  It 
deserves  inquiry,  therefore,  whether  some  or  all  the  fixed  lines  observed  by  Wol- 
laaton  and  Fraunhofer  may  not  have  their  origin  in  our  own  atmosphere.  Experi- 
ments made  on  lofty  mountains^  or  the  eaxs  of  balloons,  on  the  one  hand,  and  on 
the  other  with  reflected  beams  which  have  been  made  to  traverse  several  miles  of 
additional  air  near  the  su&ce,  would  dedde  this  point  The  absorptive  efiect  of 
the  sun's  atmospheie,  and  posnUy  also  of  the  medium  surrounding  it  (whatever 
it  be)  which  resists  the  motions  of  comets,  cannot  be  thus  eliminated. — Note  to  the 
tdUion  of  1883. 


CHAPTER  Vn. 

OF  THE  MOON. — ITS  SIDEREAL  PERIOD. — ^ITS  APPARENT  DIAMETER. 
— ITS  PARALLAX,  DISTANCE,  AND  REAL  DIAMETER — FIRST 
APPROXIMATION  TO  ITS  ORBIT. — AN  ELLIPSE  ABOUT  THE  EARTH 
IN  THE  FOCUS. — ITS  EXCENTRICITY  AND  INCLINATION. — ^MOTIOK 
OF  ITS  NODES  AND  APSIDES. — OF  OCCULTATIONS  AND  SOLAR 
ECLIPSES  GENERALLY. — LIMITS  WITHIN  WHICH  THET  ARE  POS- 
SIBLE.— ^THE7  PROVE  THE  MOON  TO  BE  AN  OPAKE  SOLID — ^ITS 
LIGHT  DERIVED  FROM  THE  SUN. — ITS  PHASES. — SYNODIC  REVO- 
LUTION OR  LUNAR  MONTH.-^OF  ECLIPSES  MORE  PARTICULARLY. 
— THEIR  PHENOMENA ^THEIR  PERIODICAL  RECURRENCE. — PHY- 
SICAL CONSTITUTION  OF  THE  MOON. — ^ITS  MOUNTAINS  AND  OTHER 
SUPERFICIAL     FEATURES. — ^INDICATIONS     OF    FORMER     VOLCANIC 

ACTIVITY. — ITS  ATMOSPHERE. CLIMATE. — RA'DIATION   OF  HEAT 

FROM  ITS  SURFACE. — ROTATION   ON   ITS  OWN  AXIS. — ^LIBBATION. 
— APPEARANCE   OF   THE   EARTH  FROM   IT. 

(401.)  The  moon,  like  the  sun,  appears  to  advance  among  the 
stars  with  a  movement  contrary  to  the  general  diurnal  motion  of 
the  heavens,  but  much  more  rapid,  so  as  to  be  very  readily  per- 
ceived (as  we  have  before  observed)  by  a  few  hours'  cursory  atten- 
tion on  any  moonlight  night.  By  this  continual  advance,  which, 
though  sometimes  quicker,  sometimes  slower,  is  never  intermitted 
or  reversed,  it  makes  the  tour  of  the  heavens  in  a  mean  or  average 
period  of  27*  1^  43"  11*«5,  returning,  in  that  time,  to  a  position 
among  the  stars  nearly  coincident  with  that  it  had  before,  and 
which  would  be  exactly  so,  but  for  reasons  presently  to  be  stated. 

(402.)  The  moon,  then,  like  the  sun,  apparently  describes  an 
orbit  round  the  earth,  and  this  orbit  cannot  be  very  different  from 
a  circle,  because*  the  apparent  angular  diameter  of  the  full  moon 
is  not  liable  to  any  great  extent  of  variation. 

(403.)  The  distance  of  the  moon  from  the  earth  is  concluded 
from  its  horizontal  parallax,  which  may  be  found  either  directly, 
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by  observations  at  remote  geographical  stations,  ezactlj  similar  to 
those  described  in  art.  355,  in  the  case  of  the  son,  or  by  means 
of  the  phenomena  called  occaltations,  from  which  also  its  apparent 
diameter  is  most  readily  and  correctly  found.  From  such  obser- 
vations it  results  that  die  mean  or  average  distance  of  the  centre 
of  the  moon  from  that  of  the  earth  is  59*9643  of  the  earth's  equa- 
torial radii,  or  about  237,000  miles.  This  distance,  great  as  it 
is,  is  little  more  than  one-fourth  of  the  diameter  of  the  sun's  body, 
so  that  the  globe  of  the  sun  would  nearly  twice  include  the  whole 
orbit  of  the  moon  ;  a  consideration  wonderfully  calculated  to  raise 
our  ideas  of  that  stupendous  luminary ! 

(404.)  The  distance  of  the  moon's  centre  from  an  observer  at 
any  station  on  the  earth's  surface,  compared  with  its  apparent 
angular  diameter  as  measured  from  that  station,  will  give  its  real 
or  linear  diameter.  Now,  the  former  distance  is  earily  calculated 
when  the  distance  from  the  earth's  centre  is  known,  and  the  appa- 
rent  zenith  distance  of  the  moon  also  determined  by  observation ; 
for  if^we  turn  to  the  figure  of  art.  339,  and  suppose  S  the  moon, 
A  the  station,  and  C  the  earth's  centre,  the  distance  S  C,  and  the 
earth's  radius  C  A,  two  sides  of  the  triangle  A  C  S  are  given,  and 
the  angle  CAS,  which  is  the  supplement  of  Z  A  S,  the  observed 
zenith  distance,  whence  it  is  easy  to  find  A  S,  the  moon's  distance 
from  A.  From  such  observations  and  calculations  it  results,  that 
the  real  diameter  of  the  moon  is  2160  miles,  or  about  0-2729  of 
that  of  the  earth,  whence  it  follows  that,  the  bulk  of  the  latter 
being  considered  as  1,  that  of  the  former  will  be  0-0204,  or  about 
:iV.  The  diflerence  of  the  apparent  diameter  of  the  moon,  as  seen 
from  the  earth's  centre  and  from  any  point  of  its  surface,  is  tech- 
nically called  the  augmentation  of  the  apparent  diameter,  and  its 
maximum  occurs  when  the  moon  is  in  the  zenith  of  the  spectator. 
Her  mean  angular  diameter,  as  seen  from  the  centre,  is  31'  7", 
and  is  always  »  0-545  X  her  horizontal  parallax. 

(405.)  By  a  series  of  observations,  such  as  described  in  art. 
403,  if  continued  during  one  or  more  revolutions  of  the  moon,  its 
real  distance  may  be  ascertained  at  every  point  of  its  orbit ;  and 
if  at  the  same  time  its  apparent  places  in  the  heavens  be  observed, 
and  reduced  by  means  of  its  parallax  to  the  earth's  centre,  their 
angular  intervals  will  become  known,  so  that  the  path  of  the  moon 
may  then  be  laid  down  on  a  chart  supposed  to  represent  the  plane 
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in  which  its  orbit  lies,  jast  as  was  explained  in  the  case  of  the 
solar  ellipse  (art.  349).  Now,  when  this  is  done,  it  is  found  that, 
neglecting  certain  small  (though  very  perceptible)  deyiations  (of 
which  a  satisfactory  account  will  hereafter  be  rendered),  the  form 
of  the  apparent  orbit,  like  that  of  the  sun,  is  elliptic,  but  consider^ 
ably  more  excentric,  the  excentricity  amounting  to  0  05484  of 
the  mean  distance,  or  the  major  semi-axis  of  the  ellipse,  and  the 
earth's  centre  being  situated  in  its  focus. 

.  (406.)  The  plane  in  which  this  orbit  lies  is  not  the  ecliptic, 
however,  but  is  inclined  to  it  in  an  angle  of  6^  8'  48'',  which  is 
called  the  inclmation  of  the  lunar  orbit,  and  intersects  it  in  two 
opposite  points,  which  are  called  its  nodes — the  ascending  node 
being  that  in  which  the  moon  passes  from  the  southern  side  of  the 
ecliptic  to  the  northern,  and  the  descending  the  reverse.  The  points 
of  the  orbit  at  which  the  moon  is  nearest  to^  and  farthest  from,  the 
earth,  are  called  respectively  its  perigee  and  tqMgeSy  and  the  line 
joining  them  and  the  earth  the  line  of  apsides. 

(407.)  There  are,  however,  several  remarkable  circumstances 
which  interrupt  the  closeness  of  the  analogy,  which  cannot  fail  to 
strike  the  reader,  between  the  motion  of  the  moon  around  the 
earth,  and  of  the  earth  around  the  sun.  In  the  latter  case,  the 
ellipse  described  remains,  during  a  great  many  revolutions,  unal- 
tered in  its  position  and  dimensions ;.  or,  at  least,  the  changes 
which  it  undergoes  are  not  perceptible  but  in  a  course  of  very  nice 
observations,  which  have  disclosed,  it  is  true,  the  existence  of 
«  perturbations,"  but  of  so  minute  an  order,  that,  in  ordinary  par* 
lance,  and  for  common  purposes,  we  may  leave  them  unconsidered. 
But  this  cannot  be  done  in  the  case  of  the  moon.  Even  in  a 
single  revolution,  its  deviation  from  a  perfect  ellipse  is  very  sensi* 
p.    g^  ble.    It  does  not  return  to  the  same 

exact  position  among  the  stars  from 
which  it  set  out,  thereby  indicating 
a  continual  change  in  the  plane  of 
its  orbit.  And,  in  effect,  if  we  trace 
^  ss,  ,.-  X'        by  observation,  from  month  to  month, 

**  h-X:;>  - . . » —  'z^  ^^  p^jjj^  where  it  traverses  the  eclip- 

tic, we  shall  find  that  the  nodes  of  its 
orbit  are  in  a  continual  state  of  retreat  upon  the  ecliptic.  Suppose 
O  to  be  the  earth,  and  A  i  a  if  that  portion  of  the  plane  of  the 
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ediptic  which  is  intersected  by  the  mooD,  in  its  alternate  passages 
tihroagh  it^  from  south  to  north,  and  vice  vend ;  and  let  A  B  C  D 
E  F  be  a  portion  of  the  moon's  orbit,  embracing  a  complete  side- 
real r^rolution.  Suppose  it  to  set  oat  from  the  ascending  node  A; 
then,  if  the  orbit  lay  all  in  one  plane,  passbg  through  0,  it  would 
have  a,  the  opposite  point  in  the  ecliptic,  for  its  descending  node ; 
after  passing  which,  it  would  again  ascend  at  A.  But,  in  fact,  its 
real  path  carries  it  not  to  a,  but  along  a  certain  curve,  A  B  C,  to 
C,  a  point  in  the  ecliptic  less  dian  180°  distant  from  A ;  so  that 
the  angle  A  0  C,  or  the  arc  of  longitude  described  between  the 
ascending  and  the  descending  node,  is  somewhat  less  than  ISO^. 
It  then  pursues  its  course  below  the  ecliptic,  along  the  curve 
C  D  E,  and  rises  again  above  it,  not  at  the  point  c,  diametrically 
opposite  to  C,  but.  at  a  point  £,  less  advanced  in  longitude.  On 
the  whole,  then,  the  arc  described  in  longitude  between  two  con* 
aecutive  passages  from  south  to  north,  through  the  plane  of  the 
ecliptic,  falls  short  of  360°  by  the  angle  A  0  £ ;  or,  in  other  words, 
the  ascending  node  appears  to  have  retreated  in  one  lunation  on 
the  plane  of  the  ecliptic  by  that  amount.  To  complete  a  sidereal 
revolution,  then,  it  must  still  go  on  to  describe  an  arc,  E  F,  on  its 
orbit,  which  will  no  longer,  however,  bring  it  exactly  back  to  A, 
but  to  a  point  somewhat  above  it,  or  having  north  latitude. 

(408.)  The  actual  amount  of  this  retreat  of  the  moon's  node  is 
about  3'  10"  •64  per  dienif  on  an  average,  and  in  a  period  of 
6793*39  mean  solar  days,  or  about  18-6  years,  the  ascending  node 
is  csrried  round  in  a  direction  contrary  to  the  moon's  motion  in  its 
orbit  (or  from  east  to  west)  over  a  whole  circumference  of  the 
ediptic.  Of  course,  in  the  middle  of  this  periodtbe  position  of  the 
orbit  must  have  been  precisely  reversed  from  what  it  was  at  the 
beginning.  Its  apparent  path,  then,  will  lie  among  totally  different 
stars  and  constellations  at  different  parts  of  this  period ;  and  this 
kind  of  spiral  revolution  bebg  continually  kept  up,  it  will,  at  one 
time  or  other,  cover  with  its  disc  every  point  of  the  heavens  within 
that  limit  of  latitude  or  distance  from  the  ecliptic  which  its  incli* 
nation  permits  ;  that  is  to  say,  a  belt  or  zone  of  the  heavens,  of 
10°  18'  in  breadth,  having  the  ecliptic  for  its  middle  line.  Never- 
theiess,  it  still  remains  true  that  the  actual  place  of  the  moon,  in 
consequence  of  this  motion,  deviates  in  a  single  revolution  very 
UMe  from  what  it  would  be  were  the  nodes  at  vest.    Supposing 
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die  moon  to  set  out  from  its  node  A,  its  latitade,  when  it  comes 
to  F,  having  completed  a  revolution  in  longitude,  will  not  exceed 
8' ;  which,  though  small  in  a  single  revolution,  accumulates  in  its 
effect  in  a  succession  of  many :  it  is  to  account  for,  and  jepre- 
sent  geometrically,  this  deviation,  that  the  motion  of  Oie  nodes  is 
devised. 

(409.)  The  moon's  orbit,  then,  is  not,  strictly  speaking,  an 
ellipse  returning  into  itself,  by  reason  of  the  variation  of  the  plane 
in  which  it  lies,  and  the  motion  of  its  nodes.  But  even  laying 
aside  this  consideration,  the  axis  of  the  ellipse  is  itself  constantly 
changing  its  direction  in  space,  as  has  been  already  stated  of  the 
solar  eUipse,  but  much  more  rapidly ;  making  a  complete  revo- 
lution, in  the  same  direction  with  the  mood's  own  motion,  in 
3232«5753  mean  solar  days,  or  about  nine  years,  being  about  3^ 
of  angular  motion  in  a  whole  revolution  of  the  moon.  This  is  the 
phenomenon  known  by  the  name  of  the  revolution  of  the  moon's 
apsides.  Its  cause  will  be  hereafter  explained.  Its  immediate 
effect  is  to  produce  a  variation  in  the  moon's  distance  from  the 
earth,  which  is  not  included  in  the  laws  of  exact  elliptic  motion. 
In  a  single  revolution  of  the  moon,  this  variation  of  distance  is 
trifling ;  but  in  the  course  of  many  it  becomes  considerable,  as  is 
easily  seen,  if  we  consider  that  in  four  years  and  a  half  the  posi* 
tion  of  the  axis  will  be  completely  reversed,  and  the  apogee  of  the 
moon  will  occur  where  the  perigee  occurred  before. 

(410.)  The  best  way  to  form  a  distinct  conception  of  the  moon's 
motion  is  to  regard  it  as  describing  an  ellipse  about  the  earth  in 
the  focus,  and,  at  the  same  time,  to  regard  this  ellipse  itself  to  be 
in  a  twofold  state  of  revolution ;  1st,  in  its  own  plane,  by  a  con* 
tinual  advance  of  its  axis  in  that  plane ;  and  2dly,  by  a  continual 
tilting  motion  of  the  plane  itself,  exactly  similar  to,  but  much 
more  rapid  than,  that  of  the  earth's  equator  produced  by  the  coni- 
cal motion  of  its  axis  described  in  art.  317. 

(411.)  As  the  moon  is  at  a  very  moderate  distance  from  us 
(astronomically  speaking),  and  is  in  fact  our  nearest  neighbour, 
while  the  sun  and  stars  are  in  comparison  immensely  beyond  it,  it 
must  of  necessity  happen,  that  at  one  time  or  other  it  must  pass 
aver  and  oa:ult  or  eclipse  every  star  and  planet  within  the  zone 
above  described  (and,  as  seen  fix)m  the  surface  of  earth,  even 
somewhat  beyond  it,  by  reason  of  parallax,  which  may  throw  it 
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apparently  nearly  a  degree  either  way  from  its  place  as  seen  from 
the  centre,  according  to  the  observer's  station).  Nor  is  the  sun 
itself  exempt  from  being  dius  hidden,  whenever  any  part  of  the 
moon's  disc,  in  this  her  tortaoas  course,  comes  to  overlap  any  part 
of  the  space  occupied  b  the  heavens  by  that  luminary.  On  these 
occasions  is  exhibited  the  most  striking  and  impressive  of  all  the 
occasional  phenomena  of  astronomy,  an  eclipse  of  the  sun^  in  which 
a  greater  or  less  portion,  or  even  in  some  rare  conjunctures  the 
whole,  of  its  disc  is  obscured,  and,  as  it  were,  obliterated,  by  the 
superposition  of  that  of  the  moon,  which  appears  upon  it  as  a  cir- 
cularly-terminated black  spot,  producing  a  temporary  diminution 
of  daylight,  or  even  nocturnal  darkness,  so  that  the  stars  appear  as 
if  at  midnight.  In  other  cases,  when,  at  the  moment  that  the 
moon  is  centrally  superposed  on  the  sun,  it  so  happens  that  her 
distance  from  the  earth  is  such  as  to  render  her  angular  diameter 
less  than  the  sun's,  the  very  smgular  phenomenon  of  an  annular 
solar  eclipse  takes  place,  when  the  edge  of  the  sun  appears  for  a 
few  minutes  as  a  narrow  ring  of  lig^t,  projecting  on  all  sides  be- 
yond the  dark  circle  occupied  by  the  moon  in  its  centre. 

(412.)  A  solar  eclipse  can  only  happen  when  the  sun  and  moon 
are  in  cofyunctiony  that  is  to  say,  have  the  same,  or  nearly  the 
same,  position  in  the  heavens,  or  the  same  longitude.  It  appears 
by  art.  409  that  this  condition  can  only  be  fulfilled  at  the  time  of 
a  new  moony  though  it  by  no  means  follows,  that  at  every  conjunc- 
tion there  must  be  an  eclipse  of  the  sun.  If  the  lunar  orbit  coin- 
cided with  the  ecliptic,  this  would  be  the  case,  but  as  it  is  inclined 
to  it  at  an  angle  of  upwards  of  5^,  it  is  evident  that  the  conjunc- 
tion, or  equality  of  longitudes,  may  take  place  when  the  moon  is 
in  the  part  of  her  orbit  too  remote  from  the  ecliptic  to  permit  the 
discs  to  meet  and  overlap.  It  is  easy,  however,  to  assign  the 
limits  within  which  an  eclipse  is  possible.  To  this  end  we  must 
consider,  that,  by  the  effect  of  parallax,  the  moon's  apparent  edge 
may  be  thrown  in  any  direction,  according  to  a  spectator's  geo- 
graphical station,  by  any  amount  not  exceeding  the  horizontal 
parallax.  Now,  this  comes  to  the  same  (so  far  as  the  possibility 
of  an  eclipse  is  concerned)  as  if  the  apparent  diameter  of  the  moon, 
seen  from  the  earth's  centre,  were  dilated  by  twice  its  horizontal 
parallax ;  for  if,  when  so  dilated,  it  can  touch  or  overlap  the  sun, 
there  must  be  an  eclipse  at  some  part  or  other  of  the  earth's  sur- 
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face*  If,  then,  at  the  moment  of  the  nearest  conjunction,  the 
geocentric  distance  of  the  centres  of  the  two  lummaries  do  not 
exceed  the  sum  of  their  semidiameters  and  of  the  moon's  hori- 
zontal parallax,  there  will  be  an  eclipse.  This  sum  is,  at  its 
maximum,  about  1^  34'  2T'.  In  the  spherical  triangle  S  N  M, 
then,  in  which  S  is  the  sun's  centre,  M  the  moon's,  SN  the 
ecliptic,  M  N  the  moon's  orbit,  and  N  the  node,  we  may  suppose 
Fig.  68.  the  angle  N  S  M  a  right  angle,  S  M» 

10  34'  27",  and  the  angle  MNS» 
6^  8'  48^',  the  inclination  of  the  orbit. 
Hence  we  calculate  S  N,  which  comes 
out  16^  5&.  If,  then,  at  the  moment 
of  the  new  moon,  the  moon's  node  is 
^  farther  from  the  sun  in  longitude  than 
this  limit,  there  can  be  no  eclipse ;  if  within,  there  may,  and  pro- 
bably will,  at  some  part  or  other  of  the  earth.  To  ascertain  pre- 
cisely whether  there  will  or  not,  and,  if  there  be,  how  great  will 
be  the  part  eclipsed,  the  solar  and  lunar  tables  must  be  consulted, 
the  place  of  the  node  and  the  semidiameters  exactly  ascertained, 
and  the  local  parallax,  and  apparent  augmentation  of  the  moon's 
diameter  due  to  the  difference  of  her  distance  from  the  observer 
and  from  the  centre  of  the  earth  (which  may  amount  to  a  sixtieth 
part  of  her  horizontal  diameter),  determined ;  after  which  it  is 
easy,  from  the  above  considerations,  to  calculate  the  amount  over- 
lapped of  the  two  discs,  and  their  moment  of  contact. 

(413.)  The  calculation  of  the  occultation  of  a  star  depends  on 
similar  considerations.  An  occultation  ispossibley  when  the  moon's 
course,  as  seen  from  the  earth's  centre,  carries  her  within  a  dis- 
tance from  the  star  equal  to  the  sum  of  her  semidiameter  and  hori- 
zontal parallax ;  and  it  toill  happen  at  any  particular  spot^  when 
her  apparent  path,  as  seen  from  that  spot,  carries  her  centre  within 
a  distance  equal  to  the  sum  of  her  augmenied  semidiameter  and 
actual  parallax.  The  details  of  these  calculations,  which  are  some- 
what troublesome,  must  be  sought  elsewhere.* 

(414.)  The  phenomenon  of  a  solar  eclipse  and  of  an  occultation 
are  highly  interesting  and  instructive  in  a  physical  point  of  view 
They  teach  us  that  the  moon  is  an  opaque  body,  terminated  by  a 
real  and  sharply  defined  surface  intercepting  light  Kke  a  solid, 

*  WoodhoQie't  Actronomy,  toL  L    See  also  Trans.  Att  Soc  ▼ol.  L  p.  S86. 
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Tbey  prove  to  as,  also,  that  at  those  tiooes  when  we  cannot  see  the 
moon,  she  really  exists,  and  pursues  her  course,  and  that  when  we 
see  her  only  as  a  crescent,  however  narrow,  the  whole  globular 
body  is  there,  filling  up  the  deficient  outline,  though  unseen.  For 
oecultations  take  place  indifferently  at  the  dark  and  bright,  the 
visible  and  invisible  outline,  whichever  happens  to  be  towards  the 
direction  in  which  the  moon  is  moving ;  with  this  only  difference, 
diat  a  star  occulted  by  the  bright  limb,  if  the  phenomenon  be 
watched  with  a  telescope,  gives  notice,  by  its  gradual  approach  to 
the  visible  edge,  when  to  expect  its  disappearance,  while,  if  oc- 
culted at  the  dark  limb,  if  the  moon,  at  least,  be  more  than  a  fisw 
days  old,  it  is,  as  it  were,  extinguished  in  mid-air,  without  notice 
or  visible  cause  for  its  disappearance,  which,  as  it  happens  tn^^on- 
taneously,  and  without  the  slightest  previous  diminution  of  its 
light,  is  always  surprising;  and,  if  the  star  be  a  large  and  bright 
one,  even  startling  from  its  suddenness.  The  re-appearance  of 
the  star,  too,  when  the  moon  has  passed  over  it,  takes  place  in 
those  cases/when  the  bright  side  of  the  moon  is  foremost,  not  at 
the  concave  outline  of  the  crescent,  but  at  the  invisible  outline  of 
the  complefte  circle,  and  is  scarcely  less  surprising,  from  its  sud- 
denness, than  its  disappearance  in  the  other  case.* 

(415.)  The  existence  of  the  complete  circle  of  the  disc,  even 
when  the  moon  is  not  full,  does  not^  however,  rest  only  on  the  evi- 
dence of  occulations  and  eclipses.  It  may  be  seen,  when  the  moon 
is  crescent  or  waning,  a  few  days  before  and  after  the  new  momi, 
with  the  naked  eye,  as  a  pale  round  body,  to  which  the  crescent 
seems  attached,  and  somewhat  projecting  beyond  its  outline  (which 
is  an  optical  illusion  arising  from  the  greater  intensity  of  its  light). 

*  There  is  an  optical  illorion  of  a  yeiy  itrange  and  unaccoontabla  nature  which 
haa  .often  been  remarked  in  occultations.  The  star  appears  to  advance  actually 
upon  and  within  the  edge  of  the  disc  before  it  disappean,  and  that  sometimes  to  a 
considerable  depth.  I  have  never  myself  witnened  this  singular  effect,  but  it  rests 
on  most  unequivocal  testimony.  I  have  called  it  an  optical  illusion ;  but  it  is 
barely  pombk  that  a  star  may  shine  on  such  occasions  through  deep  fissures  in 
the  substance  of  the  moon.  The  occultations  of  close  double  stars  ought  to  be  nar- 
rowly watched,  to  see  whether  both  individuals  are  thus  projected,  as  well  as  ibr 
other  purposes  connected  with  their  theoiy.  I  will  only  hint  at  one,  viz.  that  • 
double  star,  too  close  to  be  seen  divided  with  any  telescope,  may  yet  be  detected  to 
be  double  by  the  mode  of  its  disappearance.  Should  a  considerable  star,  for  instance, 
iBstead  of  undefgoing  instantaneous  and  complete  extinction,  gv  out  by  two  distinct 
steps,  following  close  upon  each  other ;  first  losing  a  portion,  then  the  whole  re- 
mainder of  its  light,  we  may  be  sure  it  is  a  double  star,  though  we  c«nnot  see  the 
individuals  separately.— ^o/e  to  ike  edit,  of  1833. 

16 


242  OIWLIKES  OF  ASTBONOKY. 

The  cause  of  this  appearance  will  presently  be  explained.  Mean- 
while tlie  fact  is  sufficient  to  show  that  the  moon  is  not  inherently 
luminous  like  the  sun,  but  that  her  light  is  of  an  adventitious 
nature.  And  its  crescent  form,  increasing  regularly  from  a  narrow 
semicircular  line  to  a  complete  circular  disc,  corresponds  to  the 
appearance  a  globe  would  present,  one  hemisphere  of  which  was 
black,  the  other  white,  when  differently  turned  towards  the  eye, 
so  as  to  present  a  greater  or  less  portion  of  each.  The  obvious 
conclusion  from  this  is,  that  the  moon  is  such  a  globe,  one  half  of 
which  is  brightened  by  the  rays  of  some  luminary  sufficiently  dis- 
tant to  enlighten  the  complete  hemisphere,  and  sufficiently  intense 
to  give  it  the  degree  of  splendour  we  see.  Now,  the  sun  alone  is 
competent  to  such  an  effect.  Its  distance  and  light  suffice ;  and, 
moreover,  it  is  invariably  observed  that,  when  a  crescent,  the  bright 
edge  is  towards  the  suriy  and  that  in  proportion  as  the  moon  in  her 
monthly  course  becomes  more  and  more  distant  from  the  sun,  the 
breadth  of  the  crescent  increases,  and  vice  versa, 

(416.)  The  sun's  distance  being  23984  radii  of  the  earth,  and 
the  moon's  only  60,  the  former  is  nearly  400  times  the  latter. 
Lines,  therefore,  drawn  from  the  sun  to  every  part  of  the  moon's 
orbit  qay  be  regarded  as  very  nearly  parallel.*  Suppose,  now, 
0  to  be  the  earth,  A  B  C  D,  &c.  various  positions  of  the  moon  in 

Fig.  59. 


its  orbit,  and  S  the  sun  at  the  vast  distance  above  stated ;  as  is 
shown,  then,  in  the  figure,  the  hemisphere  of  the  lunar  globe  turned 
towards  it  (on  the  right)  will  be  .bright,  the  opposite  dark,  wherever 
it  may  stand  in  its  orbit.    Now,  in  the  position  A,  when  in  con- 

*  The  angle  mibtended  bj  the  moon's  orbit,  as  seen  from  the  mm  (in  the  mean 
state  of  things),  is  only  ir  12^. 
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junction  with  the  sun,  the  dark  part  is  entirely  turned  towards  0, 
and  the  bright  from  it.  In  this  case,  then,  the  moon  is  not  seen, 
it  is  new  moon.  When  the  moon  has  come  to  C,  half  the  bright 
and  half  the  dark  hemisphere  are  presented  to  O,  and  the  same  in 
the  opposite  situation  6:  these  are  the  first  and  third  quarters  of 
the  moon.  Lastly,  when  at  £,  the  whole  bright  face  is  towards 
the  earth,  the  whole  dark  side  from  it,  and  it  is  then  seen  wholly 
bright  or  full  moan.  In  the  intermediate  positions  B  D  F  H,  the 
portions  of  the  bright  face  presented  to  0  will  be  at  first  less  than 
half  the  visible  surface,  then  greater,  and  finally  less  again,  (ill  it 
vanishes  altogether,  as  it  comes  round  again  to  A. 

(417.)  These  monthly  changes  of  appearance,  or  phases^  as  they 
are  called,  arise,  then,  from  the  moon,  an  opaque  body,  being  illu- 
minated on  one  side  by  the  sun,  and  reflecting  from  it,  in  all  direc- 
tions, a  portion  of  the  light  so  received.  Nor  let  it  be  thought 
surprising  that  a  solid  substance  thus  illuminated  should  appear  to 
shine  and  again  illuminate  the  earth.  It  is  no  more  than  a  white 
cloud  does  standing  off  upon  a  clear  blue  sky.  By  day,  the  moon 
can  hardly  be  distinguished  in  brightness  from  such  a  cloud  ;  and, 
in  the  dusk  of  the  evening,  clouds  catching  the  last  rays  of  the  sun 
appear  with  n  dazzling  splendour,  not  inferior  to  the  seeming 
brightness  of  the  moon  at  night/  That  the  earth  sends  also  such 
a  light  to  the  moon,  only  probably  more  powerful,  by  reason  of  its 
greater  apparent  size,f  is  agreeable  to  optical  principles,  and  ex- 
plains the  appearance  of  the  dark  portion  of  the  young  or  waning 
moon  completing  its  crescent  (art.  413).  For,  when  the  moon  is 
nearly  new  to  the  earth,  the  latter  (so  to  speak)  is  nearly  full  to  the 
former;  it  then  illuminates  its  dark  half  by  strong  «aWA-%A^;  and 
it  is  a  portion  of  this,  reflected  back  again,  which  makes  it  visible 
to  us  in  the  twilight  sky.  As  the  moon  gains  age,^  the  earth  offers 
it  a  less  portion  of  its  bright  side,  and  the  phenomenon  in  question 
dies  away. 

*  The  actual  illumination  of  the  lunar  surface  is  not  much  superior  to  that  of 
weathered  sandstone  ruck  in  fuU  sunshine.  I  hare  frequently  compared  the  moon 
setting  behind  the  grey  perpendicular  iapade  of  the  Table  Mountain,  illuminated  by 
the  sun  just  risen  in  the  opposite  quarter  of  the  horizon,  when  it  has  been  scarcely 
difltingutshable  in  brightness  from  the  rock  in  contact  with  it  The  sun  and  moon 
being  nearly  at  equal  altitudes  and  the  atmosphere  perlecUy  free  from  doud  or 
Taponr,  its  ei!ect  is  alike  on  both  luminaries.     (H.  1848.) 

tThe  apparent  diameter  of  the  moon  is  sif  from  the  earth  ;  that  of  the  earth 
seen  from  the  moon  is  twice  her  horizontal  paraJiax,  or  1^  54'.  The  apparent 
•or&oes,  therefore,  are  as  (li4)'  :  (32)^  or  as  13 :  1  nearly. 
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(418.)  The  lunar  month  is  determined  by  die  recurrence  of  its 
phases :  it  reckons  from  new  moon  to  new  moon ;  that  is,  from 
leaving  its  conjunction  with  the  sun  to  its  return  to  conjunction.  If 
the  sun  stood  still  like  a  fixed  star,  the  interval  between  two  con- 
junctions would  be  the  same  as  the  period  of  the  moon's  sidereal 
revolution  (art.  401) ;  but,  as  the  sun  apparently  advances  in  the 
heavens  in  the  same  direction  with  the  moon,  only  slower,  the 
latter  has  more  than  a  complete  sidereal  period  to  perform  to  come 
up  with  the  sun  again,  and  will  require  for  it  a  longer  time,  which 
is  the  lunar  month,  or,  as  it  is  generally  termed  in  astronomy,  a 
synodical  period.  The  difference  is  easily  calculated  by  consider- 
ing that  the  superfluous  arc  (whatever  it  be)  is  described  by  the 
sun  with  the  velocity  of  0^-98566  per  dieniy  in  the  same  time  that 
the  moon  describes  that  arc  plus  a  complete  revolution,  with  her 
velocity  of  13°'17640  per  diem;  and,  the  times  of  description 
being  identical,  the  spaces  are  to  each  other  in  the  proportion  of 
the  velocities.  Let  V  and  t;  be  the  mean  angular  velocities,  x  the 
superfluous  arc ;  then  Y  :  v  iilXxx  x;   and  V — v  :  t? : :  1  :  x, 

whence  x  is  found,  and  — rs  the  time  of  describing  x,  or  the  dif- 
ference of  the  sidereal  and  synodical  periods.  From  these*  data  a 
slight  knowledge  of  arithmetic  will  suffice  to  derive  the  arc  in 
question,  and  the  time  of  its  description  by  the  moon  ;  which  being 
Uie  excess  of  the  synodic  over  the  sidereal  period,  the  former  will 
be  had,  and  will  appear  to  be  29^  12*  44»  2»'87. 

(419.)  Supposing  the  position  of  the  nodes  of  the  moon's  orbit 
to  permit  it,  when  the  moon  stands  at  A  (or  at  the  new  moon),  it 
will  intercept  a  part  or  the  whole  of  the  sun's  rays,  and  cause  a 
solar  eclipse.  On  the  other  hand,  when  at  £  (or  at  the  full  moon), 
the  earth  0  will  intercept  the  rays  of  the  sun,  and  cast  a  shadow 
on  the  moon,  thereby  causing  a  lunar  eclipse.  And  this  is  perfectly 
consonant  to  fact,  such  eclipses  never  happening  but  at  the  exact 
time  of  the  full  moon.  But,  what  is  still  more  remarkable,  as  con- 
firmatory of  the  position  of  the  earth's  sphericity,  this  shadow, 
which  we  plainly  see  to  enter  upon  and,  as  it  were,  eat  away  the 
disc  of  the  moon',  is  always  terminated  by  a  circular  outline, 
though,  firom  the  greater  size  of  the  circle,  it  is  only  partially  seen 
at  any  one  time.  Now,  a  body  which  always  casts  a  circular 
shadow  must  itself  be  spherical. 
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(420.)  Eclipses  of  the  siin  are  best  anderstood  by  regarding  the 
sun  and  moon  as  two  independent  luminaries,  each  moving  accord* 
ing  to  known  laws,  and  viewed  from  the  earth  ;  but  it  is  also  in- 
structive to  consider  eclipses  generally  as  arising  from  the  shadow 
of  one  body  thrown  on  another  by  a  luminary  much  larger  than 
eUher,  Suppose,  then,  A  B  to  represent  the  sun,  and  C  D  a 
q>herical  body,  whether  earth  or  moon,  illuminated  by  it.  If  we 
join  and  prolong  A  C,  B  D ;  since  A  B  is  greater  than  C  D,  these 
lines  will  meet  in  a  point  E,  more  or  less  distant  from  the  body 
C  D,  according  to  its  size,  and  within  the  space  C  E  D  (which 

Fig.  so. 


represents  a  cone,  since  C  D  and  A  B  are  spheres),  there  will  be 
a  total  shadow.  This  shadow  is  called  the  uwbray  and  a  spectator 
situated  within  it  can  see  no  part  of  the  sun's  disc.  Beyond  the 
umbra  are  two  diverging  spaces  (or  rather,  a  portion  of  a  single 
conical  space,  having  K  for  its  vertex),  where  if  a  spectator  be 
situated,  as  at  M,  he  will  see  a  portion  only  (A  0  N  P)  of  the  sun's 
surface,  the  rest  (B  0  N  P)  being  obscured  by  the  earth.  He  will, 
therefore,  receive  only  partial  sunshine ;  and  the  more,  the  nearer 
he  is  to  the  exterior  borders  of  that  cone  which  is  called  the 
fenunibra.  Beyond  this  he  will  see  the  whole  sun,  and  be  in  full 
illumination.  All  these  circumstances  may  be  perfectly  well 
shown  by  holding  a  small  globe  up  in  the  sun,  and  receiving  its 
shadow  at  different  distances  on  a  sheet  of  paper. 

(421.)  In  a  lunar  eclipse  (represented  in  the  upper  figure),  the 
moon  is  seen  to  enter*  the  penumbra  first,  and,  by  degrees,  get 

*  The  actual  contact  with  the  penumbra  is  new  aeen ;  the  defalcation  of  light 
comes  on  so  very  gradually  that  it  is  not  till  when  already  deeply  immersed,  that  it 
is  perceiTod  to  be  sensibly  darkened. 
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involved  in  the  umbra,  the  former  bordering  the  latter  like  a 
smoky  haze.  At  this  period  of  the  eclipse,  and  while  yet  a  con- 
siderable part  of  the  moon  remains  unobscured,  the  portion 
involved  in  the  umbra  is  invisible  to  the  naked  eye,  though  still  per- 
ceptible in  a  telescope,  and  of  a  dark  grey  hue.  But  as  the  eclipse 
advances,  and  the  enlightened  part  diminishes  in  extent,  and  grows 
gradually  more  and  more  obscured  by  the  advance  oUiie penumbra, 
the  eye,  relieved  from  its  glare,  becomes  more  sensible  to  feeble 
impressions  of  light  and  colour;  and  phenomena  of  a  remarkable 
and  instructive  character  begin  to  be  developed.  The  unUira  is 
seen  to  be  very  far  from  totally  dark ;  and  in  its  faint  illumiaatioo 
it  exhibits  a  gradation  of  colour,  being  bluish,  or  even  (by  contrast) 
somewhat  greenish,  towards  the  borders  for  a  space  of  about  4'  or 
5'  of  apparent  angular  breadth  inwards,  thence  passing,  by  delicate 
but  rapid  gradation,  through  rose  red  to  a  fiery  or  copper-coloured 
glow,  like  that  of  dull  red-hot  iron.  As  the  eclipse  proceeds  this 
glow  spreads  over  the  whole  surface  of  the  moon,  which  then  be- 
comes on  some  occasions  so  strongly  illuminated,  as  to  cast  a  very 
sensible  shadow,  and  allow  the  spots  on  its  surface  to  be  perfectly 
well  distinguished  through  a  telescope. 
(422.)  The  cause  of  these  singular,  and  sometimes  very  beautiful 
Fig.  81. 


appearances,  is  (he  refraction  of  the  sun's  light  in  passing  through 
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our  atmosphere,  which  at  the  same  time  becomes  coloured  with 
the  hues  of  sunset  by  the  absorption  of  more  or  less  of  the  violet 
and  blue  rays,  as  it  passes  through  strata  bearer  or  more  remote 
from  the  earth's  surface,  and,  therefore,  more  or  less  loaded  with 
vapour.  To  show  this,  let  A  D  a  be  a  section  of  the  cone  of  the 
umbray  and  F  B  Hf  o(  the  penumbra,  through  their  common  axis 
D  E  S,  passing  through  the  centres  £  S  of  the  earth  and  sun,  and 
let  K  M  A;  be  a  section  of  these  cones  at  a  distance  E  M  from  E, 
equal  to  the  radius  of  the  moon's  orbit,  or  60  radii  of  the  earth.* 
Taking  this  radius  for  unity,  since  E  S,  the  distance  of  the  sun, 
is  23974,  and  the  semidiameter  of  the  sun  111  J  such  units,  we 
readily  calculate  D  E=218,  D  M«158,  for  the  distances  at  which 
the  apex  of  the  geometrical  umbra  lies  behind  the  earth  and  the 
moon  respectively.  We  also  find  for  the  measure  of  the  angle 
E  D  B,  15'  46",  and  therefore  D  B  E=89^  44'  14",  whence  also 
we  get  M  0  (the  linear  semidiameter  of  the  M7nftra)=s0'725  (or  in 
miles  2864),  and  the  angle  OEM,  its  apparent  angular  semi- 
diameter as  seen  from  E=41 '  30".  And  instituting  similar  calcu- 
lations for  the  geometrical  penumbra  we  get  M  K^ilOOS  (3970 
miles),  and  K  EM  57'  36";  and  it  may  be  well  to  remember  that  the 
doubles  of  these  angles,  or  the  mean  angular  diameters  of  the  umbra 
and  penumbra,  are  described  by  the  moon  with  its  mean  velocity 
in  2**  43",  and  S'*  47"*  respectively,  which  are  therefore  the  respec- 
tive durations  of  the  total  and  partial  obscuration  of  any  one  point 
of  the  moon's  disc  in  traversing  centrally  the  geometrical  shadow. 
(423.)  Were  the  earth  devoid  of  atmosphere,  the  whole  of  the 
phenomena  of  a  lunar  eclipse  would  consist  in  these  partial  or 
total  obscurations.  Within  the  space  C  c  the  whole  of  the  light, 
and  within  K  C  and  c  A;  a  greater  or  less  portion  of  it  would 
be  intercepted  by  the  solid  body  B  6  of  the  earth.  The  refracting 
atmosphere,  however,  extends  from  B,  6,  to  a  certain  unknown, 
but  very  small  distance  B  H,  6  A,  which,  acting  as  a  convex  lens, 
of  gradually  (and  very  rapidly)  decreasing  density,  disperses  all 
that  comparatively  small  portion  of  light  which  falls  upon  it  over  a 
space  bounded  externally  by  H  g,  parallel  and  very  nearly  coinci- 
dent with  B  F,  and  internally  by  a  line  B  z,  the  former  represent- 

*  The  figure  is  unavoidable  drawn  out  of  all  proportion^  and  the  angles  Tiolendj 
exaggerated.  The  reader  should  endeavour  to  draw  the  figure  in  its  true  propor- 
tions. 
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ing  the  extreme  exterior  ray  from  the  limb  a  of  the  suo,  the  latter, 
the  extreme  interior  ray  from  the  limb  A.  To  avoid  complication, 
however,  we  will  trace  only  the  courses  of  rays  which  just  graze 
the  surface  at  B,  viz :  B  z  from  the  upper  border,  A,  and  B  v 
from  the  lower,  a,  of  the  sun.  Each  of  these  rays  is  bent  inwards 
from  its  original  course  by  doubk  the  amount  of  the  horizontal 
refraction  (33')  t.  e.  by  1^  6',  because,  in  passing  from  B  out  of 
the  atmosphere,  it  undergoes  a  deviation  equal  to  that  at  entering, 
and  in  the  same  direction.  Instead,  therefore,  of  pursuing  the 
courses  B  D,  B  F,  these  rays  respectively  will  occupy  the  positions 
B  z  y^Bvy  making,  with  the  aforesaid  lines,  the  angles  D  B  &, 
F  B  «,  each  1°6'.  Now  we  have  found  D  B  E=89°  44'  14" 
and  therefore  F  B  E  (=D  B  E  +  angular  diam.  of©)  =90°  17' 
17",  consequently  the  angles  E  B  ^  and  E  B  v  will  be  respect* 
ively  88°  38'  14"  and  89o  11'  17",  from  which  we  conclude 
E  2=42.03  and  E  t;=88'89,  the  former  falling  short  of  the 
moon's  orbit  by  17*97,  and  the  latter  surpassing  it  by  28*89  radii 
of  the  earth. 

(424.)  The  penumbra,  therefore,  of  rays  refracted  at  B,  will  be 
spread  over  the  space  v  B  y,  that  at  H  over  gUd,  and  at  the 
intermediate  points,  over  similar  intermediate  spaces,  and  through 
this  compound  of  superposed  penumbrse  the  moon  passes  during 
the  whole  of  its  path  through  the  geometrical  shadow,  never 
attaining  the  absolute  umbra  B  z  i  at  all.  Without  going  into 
detail  as  to  the  intensity  of  the  refracted  rays,  it  is  evident  that  the 
totality  of  light  so  thrown  into  the  shadow  is  to  that  which  the 
earth  intercepts,  as  the  area  of  a  circular  section  of  the  atmosphere 
to  that  of  a  diametrical  section  of  the  earth  itself,  and,  therefore, 
at  all  events  but  feeble.  And  it  is  still  further  enfeebled  by 
actual  clouds  suspended  in  that  portion  of  the  air  which  forms  the 
visible  border  of  the  earth's  disc  as  seen  from  the  moon,  as  well 
as  by  the  general  want  of  transparency  caused  by  invisible  vapour, 
which  is  especially  efiective  in  the  lowermost  strata,  within  three 
or  four  miles  of  the  surface,  and  which  will  impart  to  all  the  rays 
they  transmit,  the  ruddy  hue  of  sunset,  only  of  double  the  depth 
of  tint  which  we  admire  in  our  glowing  sunsets,  by  reason  of  the 
rays  having  to  traverse  twice  as  great  a  thickness  of  atmosphere. 
This  redness  will  be  most  intense  at  the  points  x,  ^,  of  the  moon's 
path  through  the  umbra,  and  will  thence  degrade  very  rapidly 
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OQtwajrdly,  07er  the  spaces  xc^yC^  less  so  inwardly,  over  x  y. 
And  at  C,  c,  its  hue  will  be  mingled  with  the  bluish  ar  greenish 
light  which  the  atmosphere  scatters  by  irregular  dispersion,  or  in 
other  words  by  our  itoilight  (art.  44).  Nor  will  the  phenomenon 
be  uniformly  conspicuous  at  all  times.  Supposing  a  generally  and 
deeply  clouded  state  of  the  atmosphere  around  the  edge  of  (he 
earth's  disc  visible  from  the  moon  (».  e.  around  that  great  circle  of 
the  earthy  in  which^  at  the  moment  the  sun  is  m  the  horizon), 
little  or  no  refracted  light  may  reach  the  moon.*  Supposing  that 
circle  partly  clouded  and  partly  dear,  patches  of  red  light  corre* 
spending  to  the  clear  portions  will  be  thrown  into  the  umbra,  and 
may  give  rise  to  yaiious  and  changeable  distributions  of  light  on 
the  eclipsed  disc  ;t  while,  if  entirely  elear,  the  eclipse  will  be  re- 
markable for  the  conspicuouaness  of  the  moon  during  the  whole 
or  a  part  of  its  immersion  in  the  umbra.j: 

(425.)  Owing  to  the  great  size  of  the  earth,  the  cone  of  its 
umbra  always  projects  far  beyond  the  moon ;  so  that,  if,  at  the 
time  of  a  lunar  eclipse,  the  moon's  path  be  properly  directed,  it  is 
sure  to  pass  through  the  umbra.  This  is  not,  however,  the  case* 
in  solar  eclipses.  It  so  happens,  from  the  adjustment  of  the 
size  and  distance  of  the  moon,  that  the  extremity  of  her  umbra 
always  falls  near  the  earth,  but  sometimes  attains  and  sometimes 
falls  short  of  its  surface.  In  the  former  case  (represented  in  the 
lower  figure  art.  420),  a  black  spot,  surrounded  by  a  fiiinter  shadow, 
is  formed,  beyond  which  there  is  no  eclipse  on  any  part  of  the 
earth,  but  within  which  there  may  be  either  a  total  or  partial  one, 
as  the  spectator  is  within  the  umbra  or  penumbra.  When  the  apex 
of  the  umbra  falls  on  the  surface,  the  moon  at  that  point  will 
appear,  for  an  instant,  to  just  cover  the  sun ;  but  when  it  falls 
short,  there  will  be  no  total  eclipse  on  any  part  of  the  earth ;  but  a 
q[>ectator,  situated  in  or  near  the  prolongation  of  the  axis  of  the 
cone,  will  see  the  whole  of  the '  moon  on  the  sun,  although  not 
large  enough  to  cover  it,  i.  e.  he  will  witness  an  annular  eclipse. 

(426.)  Owing  to  a  remarkable  enough  adjustment  of  the  periods 
in  which  the  moon's  synodical  revolution,  and  that  of  her  nodes, 

*  As  in  the  eclipses  of  Jane  6, 1620,  April  36,  1642.     Lalande,  Ast  1769. 

f  As  in  Uie  eclipse  of  Oct  13, 1837,  observed  by  the  author. 

^  As  in  that  of  March  19,  1848,  when  the  moon  is  described  as  giving  '*  good 
light*'  during  more  than  an  hour  afler  its  total  immersion*  and  some  persons  even 
doobted  its  being  eclipsed.    (Notices  of  R.  Ast.  8oc  viii.  p.  132.) 
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are  performed,  eclipses  return  after  a  certain  period,  very  nearly 
in  the  same  order  and  of  the  same  magnitude.  For  223  of  the 
moon's  mean  synodical  revolutions,  or  lunations,  as  they  are  called, 
will  be  found  to  occupy  6585*32  days,  and  nineteen  complete 
synodical  revolutions  of  the  node  to  occupy  6585»78.  The 
difference  in  the  mean  position  of  the  node,  then,  at  the  beginning 
and  end  of  223  lunations,  is  nearly  insensible  ;  so  that  a  recurrence 
of  all  eclipses  within  that  interval  must  take  place.  Accordingly, 
this  period  of  223  lunations,  or  eighteen  years  and  ten  days,  is  a 
very  important  one  in  the  calculation  of  eclipses.  It  is  supposed 
to  have  been  known  to  the  Chaldeans,  under  the  name  of  the 
Saros ;  the  regular  return  of  eclipses  having  been  known  as  a 
physical  fact  for  ages  before  their  exact  theory  was  understood. 
In  this  period  there  occur  ordinarily  70  eclipses,  29  of  the  moon 
and  41  of  the  sun,  visible  in  some  parts  of  the  earth.  Seven 
eclipses  of  either  sun  or  moon  at  most,  and  two  at  least  (both  of 
the  sun),  may  occur  in  a  year. 

(427.)  The  commencement,  duration,  and  magnitude  of  a  lunar 
eclipse  are  much  more  easily  calculated  than  those  of  a  solar,  being 
independent  of  the  position  of  the  spectator  on  the  earth's  surface, 
and  the  same  as  if  viewed  from  its  centre.  The  common  centre 
of  the  umhra  and  penumbra  lies  always  in  the  ecliptic,  at  a  point 
opposite  to  the  sun,  and  the  path  described  by  the  moon  in  pass- 
ing through  it  is  its  true  orbit  as  it  stands  at  the  moment  of  the 
full  moon.  In  this  orbit,  its  position,  at  every  instant,  is  known 
from  the  lunar  tables  and  ephemeris ;  and  all  we  have,  therefore,  to 
ascertain,  is,  the  moment  when  the  distance  between  the  moon's 
centre  and  the  centre  of  the  shadow  is  exactly  equal  to  the  sum 
of  the  semidiameters  of  the  moon  and  penumbra^  or  of  the  moon 
and  umbra,  to  know  when  it  enters  upon  and  leaves  them  respec- 
tively. No  lunar  eclipse  can  take  place,  if,  at  the  moment  of  the 
full  moon,  the  sun  be  at  a  greater  angular  distance  from  the  node 
of  the  moon's  orbit  than  11°  21',  meaning  by  an  eclipse  the  immer- 
sion of  any  part  of  the  moon  in  the  umbra,  as  its  contact  with  the 
penumbra  cannot  be  observed  (see  note  to  art.  421). 

(428.)  The  dimensions  of  the  shadow,  at  the  place  where  it 
crosses  the  moon's  path,  require  us  to  know  the  distances  of  the 
sun  and  moon  at  the  time.  These  are  variable;  but  are  calculated 
and  set  down^  as  well  as  their  semidiameters,  for  every  day,  in  the 
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ephemeris,  so  that  none  of  the  data  are  wanting.  The  sun's  dis- 
tance is  easily  calculated  from  its  elliptic  orbit ;  but  the  moon's  is 
a  matter  of  more  difficulty,  by  reason  of  the  progressive  motion  of 
the  axis  of  the  lunar  orbit.     (Art.  409.) 

(429.)  The  physical  constitution  of  the  moon  is  better  known 
to  us  than  that  of  any  other  heavenly  body.  By  the  aid  of  tele- 
scopes, we  discern  inequalities  in  its  surface  which  can  be  no  other 
than  mountains  and  valleys, — for  this  plain  reason,  that  we  see 
the  shadows  cast  by  the  former  in  the  exact  proportion  as  to  length 
which  they  ought  to  have,  when  we  take  into  account  the  inclina- 
tion of  the  sun's  rays  to  that  part  of  the  moon's  surface  on  which 
they  stand.  The  convex  outline  of  the  limb  turned  towards  the 
sun  is  always  circular,  and  very  nearly  smooth ;  but  the  opposite 
border  of  the  enlightened  part,  which  (were  the  moon  a  perfect 
sphere)  ought  to  be  an  exact  and  sharply  defined  ellipse,  is  always 
observed  to  be  extremely  ragged,  and  indented  with  deep  recesses 
and  prominent  points.  The  mountains  near  this  edge  cast  long  black 
shadows,  as  they  should  evidently  do,  when  we  consider  that  the  sun 
is  in  the  act  of  rising  or  setting  to  the  parts  of  the  moon  so  circum- 
stanced. But  as  the  enlightened  edge  advances  beyond  them,  i,  e,  as 
the  sun  to  them  gains  altitude,  their  shadows  shorten ;  and  at  the  full 
moon,  when  all  the  light  falls  in  our  line  of  sight,  no  shadows  are 
seen  on  any  part  of  her  surface.  From  micrometrical  measures  of 
the  lengths  of  the  shadows  of  the  more  conspicuous  mountains,  taken 
under  the  most  favourable  circumstances,  the  heights  of  many  of 
them  have  been  calculated.  Messrs.  Beer  and  Maedler  in  their 
elaborate  work,  entitled  <(DerMond,"have  given  a  list  of  heights 
resulting  from  such  measurements,  for  no  less  than  1095  lunar 
mountains,  among  which  occur  all  degrees  of  elevation  up  to  3569 
toises,  (22823  British  feet,)  or  about  14G0  feet  higher  than  Chim- 
borazo  in  the  Andes.  The  existence  of  such  mountains  is  further 
corroborated  by  their  appearance,  as  small  points  or  islands  of  light 
beyond  the  extreme  edge  of  the  enlightened  part,  which  are  their 
tops  catching  the  sunbeams  before  the  intermediate  plain,  and 
which,  as  the  light  advances,  at  length  connect  themselves  with 
it,  and  appear  as  prominences  from  the  general  edge. 

(430.)  The  generality  of  the  lunar  mountains  present  a  striking 
uniformity  and  singularity  of  aspect.  They  are  wonderfully 
numerous^  especially  towards  the  southern  portion  of  the  disc, 
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occupying  by  far  the  larger  portion  of  the  surface,  and  almost 
universally  of  an  exactly  circular  or  cup-shaped  form,  foreshort- 
ened, however,  into  ellipses  towards  the  limb ;  but  the  larger  have 
for  the  most  part  flat  bottoms  within,  from  which  rises  centrally  a 
small,  steep,  conical  hill.  They  offer,  in  short,  in  its  highest  per- 
fection, the  true  volcanic  character,  as  it  may  be  seen  in  the  crater 
of  the  Vesuvius,  and  in  a  map  of  the  volcanic  districts  of  the  Campi 
Phlegraei*  or  the  Puy  de  D6me,  but  with  this  remarkable  peculi- 
arity, viz. :  that  the  bottoms  of  many  of  the  craters  are  very  deeply 
depressed  below  the  general  surface  of  the  moon,  the  internal  depth 
being  often  twice  or  three  times  the  external  height.  In  some  of  the 
principal  ones,  decisive  marks  of  volcanic  Gratification,  arising 
from  successive  deposits  of  ejected  matter,  and  evident  indications 
of  lava  currents  streaming  outwards  in  all  directions,  may  be 
clearly  traced  with  powerful  telescopes.  (See  PI.  V.  fig.  2.)t  In 
Lord  Rosse's  magnificent  reflector,  the  flat  bottom  of  the  -crater 
called  Albategnius  is  seen  to  be  strewed  with  blocks  not  visible  in 
inferior  telescopes,  while  the  exterior  of  another  (Aristillus)  is  all 
batched  over  with  deep  gullies  radiating  towards  its  centre.  What 
is,  moreover,  extremely  singular  in  the  geology  of  the  moon  is, 
that,  although  nothing  having  the  character  of  seas  can  be  traced, 
(for  the  dusky  spots,  which  are  commonly  called  seas,  when 
closely  examined,  present  appearances  incompatible  with  the  sup- 
position of  deep  water,)  yet  there  are  large  regions  perfectly  level, 
and  apparently  of  a  decided  alluvial  character. 

(431.  ^  The  moon  has  no  clouds,  nor  any  other  decisive  indica- 
tions of  an  atmosphere.  Were  there  any,  it  could  not  fail  to  be 
perceived  in  the  occultations  of  stars  and  the  phenomena  of  solar 
eclipses,  as  well  as  in  a  great  variety  of  other  phenomena.  The 
moon's  diameter,  for  example,  as  measured  micrometrically,  and 
as  estinlated  by  the  interval  between  the  disappearance  and  reap- 
pearance of  a  star  in  an  occultation,  ought  to  diflfer  by  twice  the 
horizontal  refraction  at  the  moon's  surface.  No  appreciable  difler- 
ence  being  perceived,  we  are  entitled  to  conclude  the  non-exist- 
ence of  any  atmosphere  dense  enough  to  cause  a  refraction  of  1" 
i.^e.  having  one  1980th  part  of  the  density  of  the  earth's  atmos- 
phere.   In  a  solar  eclipse,  the  existence  of  any  sensible  refracting 

*  See  Breislak's  map  of  the  environs  of  Naples,  and  Desmarest's  of  Auvergne. 
f  From  a  drawing  taken  with  a  reflector  of  twenty  feet  focal  length  (A). 
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atmosphere  in  the  moon,  would  enable  us  to  trace  the  limb  of  the 
latter  beyond  the  cusps,  externally  to  the  sun's  disc,  by  a  narroWj 
but  brilliant  line  of  light,  extending  to  some  distance  along  its 
edge.  No  such  phenomenon  is  seen.  Very  feint  stars  ought  to 
be  extinguished  before  occultation,  were  any  appreciable  amount 
of  vapour  suspended  near  the  surface  of  the  moon.  But  such  is 
not  the  case ;  when  occulted  at  the  bright  edge,  indeed,  the  light 
of  the  moon  extinguishes  small  stars,  and  even  at  the  dark  limb, 
the  glare  in  the  sky  caused  by  the  near  presence  of  the  moon, 
renders  the  occultation  of  very  minute  stars  unobservable.  But 
during  the  continuance  of  a  total  lunar  eclipse,  stars  of  the  tenth 
and  eleventh  magnitude  are  seen  to  come  up  to  the  limb,  and 
undergo  sudden  extinction  as  well  as  those  of  greater  brightness.* 
Hence,  the  climate  of  the  moon  must  be  very  extraordinary ;  the 
alternation  being  that  of  unmitigated  and  burning  sunshine  fiercer 
than  an  equatorial  noon,  continued  for  a  whole  fortnight,  and  the 
keenest  severity  of  frost,  far  exceeding  that  of  our  polar  winters, 
for  an  equal  time.  Such  a  disposition  of  things  must  produce  a 
constant  transfer  of  whatever  moisture  may  exist  on  its  surface, 
jGnom  the  point  beneath  the  sun  to  that  opposite,  by  distillation  tn 
vacuo  .after  the  manner  of  the  little  instrument  called  a  cryophorus. 
The  consequence  must  be  absolute  aridity  below  the  vertical  sun, 
constant  accretion  of  hoar  frost  in  the  opposite  regioh,  and,  per- 
haps, a  narrow  zone  of  running  water  at  the  borders  of  the  enlight- 
ened hemisphere.!  It  is  possible,  then,  that  evaporation  on  the 
one  hand,  and  condensation  on  the  other,  may  to  a  certain  extent 
preserve  an  equilibrium  of  temperature,  and  mitigate  the  extreme 
severity  of  both  climates ;  but  this  process,  which  would  imply  the 
continual  generation  and  destruction  of  an  atmosphere  of  aqueous 
vapour,  must,  in  conformity  with  what  has  been  said  above  of  a 
lunar  atmosphere,  be  confined  within  very  narrow  limits. 

(432.)  Though  the  surface  of  the  full  moon  exposed  to  us,  must 
necessarily  be  very  much  heated, — possibly  to  a  degree  much  ex- 
ceeding that  of  boiling  water, — yet  we  feel  no  heat  from  it,  and 
even  in  the  focus  of  large  reflectors,  it  fails  to  afTect  the  thermo- 
meter. No  doubt,  therefore,  its  heat  (conformably  to  what  is 
observed  of  that  of  bodies  heated  below  the  point  of  luminosity) 

*  As  obserred  by  myself  in  the  eclipse  of  Oct.  13,  IS 87. 
t  So  in  ed.  of  1833. 
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is  much  more  readily  absorbed  in  traversing  transparent  media 
than  direct  solar  heat,  and  is  extinguished  in  the  upper  regions  of 
our  atmosphere,  nerer  reaching  the  surface  of  the  earth  at  all. 
Some  probability  is  given  to  this  by  the  tendency  to  disappearance 
of  clouds  under  the  full  moon^  a  meteorological  fact^  (for  as  such 
we  think  it  fully  entitled  to  rank*)  for  which  it  is  necessary  to  seek 
a  cause,  and  for  which  no  other  rational  explanation  seems  to  ofier. 
As  for  any  other  influence  of  the  moon  on  the  weather,  we  have 
no  decisive  evidence  in  its  favour.  M.  Arago  has  shown,  from  a 
comparison  of  rain,  registered  as  having  fallen  during  a  long 
period,  that  a  slight  preponderance  in  respect  of  quantity  falls  near 
the  new  moon  over  that  which  falls  near  the  full.  This  would  be 
a  natural  and  necessary  consequence  of  a  preponderance  of  a 
cloudless  sky  about  the  full,  and  forms,  therefore,  part  and  parcel 
of  the  same  meteorological  fact. 

(433.)  A  circle  of  one  second  in  diameter,  as  seen  from  the 
earth,  on  the  surface  of  the  moon,  contains  about  a  square  mile. 
Telescopes,  therefore,  must  yet  be  greatly  improved,  before  we 
could  expect  to  see  signs  of  inhabitants,  as  manifested  by  edifices 
or  by  changes  on  the  surface  of  the  soil.  It  should,  however,  be 
observed,  that,  owing  to  the  small  density  of  the  materials  pf  the 
moon,  and  the  comparatively  feeble  gravitation  of  bodies  on  her 
surface,  muscular  force  would  there  go  six  times  as  far  in  over- 
coming the  weight  of  materials  as  on  the  earth.  Owing  to  the 
want  of  air,  however,  it  seems  impossible  that  any  form  of  life, 
analogous  to  those  on  earth,  can  subsist  there.  No  appearance 
indicating  vegetation,  or  the  slightest  variation  of  surface,  which 
can,  in  our  opinion,  fairly  be  ascribed  to  change  of  season,  can 
any  where  be  discerned. 

(434.)  The  lunar  summer  and  winter  arise,  in  fact,  from  the 
rotation  of  the  moon  on  its  own  axis,  the  period  of  which  rotation 
is  exactly  equal  to  its  sidereal  revolution  about  the  earth,  and  is 
performed  in  a  plane  1°  30'  11"  inclined  to  the  ecliptic,  whose 
ascending  node  is  always  precisely  coincident  with  the  descending 
node  of  the  lunar  orbit.     So  that  the  axis  of  rotation  describes  a 

*  From  my  own  observation,  made  quite  independently  of  any  knowledge  of 
such  a  tendency  having  been  observed  by  others.  Humboldt,  however,  in  his  per- 
sonal narrative,  speaks  of  it  as  well  known  to  the  pilots  and  seamen  of  Spanish 
America  (A). 
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conical  surface  about  the  pole  of  the  ecliptic  in  qdc  revolution  of 
the  Dode.  The  remarkable  coincidence  of  the  two  rotations,  that 
about  the  axis  and  that  about  the  earth,  which  at  first  sight  would 
seem  perfectly  distinct,  has  been  asserted  (but  we  think  somewhat 
too  hastily*)  to  be  a  consequence  of  the  general  laws  to  be  ex- 
plained hereafter.  Be  that  how  it  may,  it  is  the  cause  why  we 
always  see  the  same  face  of  the  moon,  and  have  no  knowledge  of 
the  other  side. 

(435.)  The  moon's  rotation  on  her  axis  is  uniform ;  but  since 
her  motion  in  her  orbit  (like  that  of  the  sun)  is  not  so,  we  are 
enabled  to  look  a  few  degrees  round  the  equatorial  parts  of  her 
visible  border,  on  the  eastern  or  western  side,  according  to  cir- 
cumstances ;  or,  in  other  words,  the  line  joining  the  centres  of  the 
earth  and  moon  fluctuates  a  little  in  its  position,  from  its  mean  or 
average  intersection  with  her  surface,  to  the  east  or  westward. 
And,  moreover,  since  the  axis  about  which  she  revolves  is  neither 
,  exactly  perpendicular  to  her  orbit,  nor  holds  an  invariable  direc- 
tion in  space,  her  poles  come  alternately  into  view  for  a  small 
space  at  the  edges  of  her  disc.  These  phenomena  are  known  by 
the  name  of  librations.  In  consequence  of  these  two  distinct  kinds 
of  libration,  the  same  identical  point  of  the  moon's  surface  is  not 
always  the  centre  of  her  disc,  and  we  therefore  get  sight  of  a  zone 
of  a  few  degrees  in  breadth  on  all  sides  of  the  border,  beyond  an 
exact  hemisphere. 

(436.)  If  there  be  inhabitants  in  the  moon,  the  earth  must  pre- 
sent to  them  the  extraordinary  appearance  of  a  moon  of  nearly 
2?  in  diameter,  exhibiting  phases  complementary  to  those  which 
we  see  the  moon  to  do,  but  immovably  fixed  in  their  sky^  (or,  at 
least,  changing  its  apparent  place  only  by  the  small  amount  of  the 
libration,)  while  the  stars  must  seem  to  pass  slowly  beside  and 
behind  it.  It  will  appear  clouded  with  variable  spots,  and  belted 
with  equatorial  and  tropical  zones  corresponding  to  our  trade- 
winds;  and  it  maybe  doubted  whether,  in  their  perpetual  change, 
the  outlines  of  our  continents  and  seas  can  ever  be  clearly  dis- 
cerned. During  a  solar  eclipse,  the  earth^s  atmosphere  will 
become  visible  as  a  narrow,  but  bright  luminous  ring  of  a  ruddy 
colour,  where  it  rests  on  the  earth,  gradually  passing  into  faint 

*  See  Edinburgh  Review,  No.  175,  p.  192. 
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blue,  encircling  the  whole  or  part  of  the  dark  disc  of  the  earth, 
the  remainder  being  dark  and  ragged  with  cloods. 

(437.)  The  best  charts  of  the  lunar  surface  are  those  of  Cassini, 
of  Russel,  (engraved  from  drawings,  made  by  the  aid  of  a  seven 
feet  reflecting  telescope,)  the  seleno-topographical  charts  of  Lohr- 
mafun,  and  the  very  elaborate  projection  of  Beer  and  Maedler 
accompanying  their  work  already  cited.*  Madame  Witte,  a  Hano* 
verian  lady,  has  recently  succeeded  in  producing  from  her  own 
observations,  aided  by  Maedler's  charts,  more  than  one  complete 
model  of  the  whole  visible  lunar  hemisphere,  of  the  most  perfect 
kind,  the  result  of  incredible  diligence  and  assiduity.  Single 
craters  have  also  been  modelled  on  a  large  scale,  both  by  her  and 
Mr.  Nasmyth. 

*  The  repxowntationB  of  Hevelins  in  his  Selenogmphia,  th<m^  not  withont 
great  merit  at  the  time,  and  fine  specimens  of  his  own  engraving,  are  now  become 
antiquated. 
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OF  TERRESTRIAL  GRAYITY.^-OF  THE  LAW  OF  UNIVERSAL  GRAVI- 
TATION.—  PATHS  OF  projectiles;  APPARENT — REAL. — THE 
MOON  RETAINED  IN  HER  ORBIT  BY  GRAVITY. — ITS  LAW  OF 
DIMINUTION. — LAWS  OF  ELLIPTIC  MOTION. —  ORBIT  OF  THE 
EARTH  ROUND  THE  SUN  IN  ACCORDANCE  WITH  THESE  LAWS. — 
MASSES  OF  THE  EARTH   AND   SUN   COMPARED. — ^DENSITY   OF   THE 

SUN ^FORCE  OF  GRAVITY  AT  ITS  SURFACE.— DISTURBING  EFFECT 

OF   THE   SUN   ON    THE  MOON's  MOTION. 

(438.)  The  reader  has  now  been  made  acquainted  with  the 
chief  phenomena  of  the  motions  of  the  earth  in  its  orbit  round 
the  sun,  and  of  the  moon  about  the  earth.  .  We  coroe  next  to 
speak  of  the  physical  cause  which  maintains  and  perpetuates  these 
motions,  and  causes  the  massive  bodies  so  revolving  to  deviate 
continually  from  the  directions  they  would  naturally  seek  to  follow, 
in  pursuance  of  the  first  law  of  motion/  and  bend  their  courses 
into  curves  concave  to  their  centres. 

(439.)  Whatever  attempts  may  have  been  made  by  metaphy- 
sical writers  to  reason  away  the  connection  of  cause  and  effect, 
and  fritter  it  down  into  the  unsatisfactory  relation  of  habitual 
sequence,!  it  is  certain  that  the  conception  of  some  more  real  and 
intimate  connection  is  quite  as  strongly  impressed  upon  the  human 
mind  as  that  of  the  existence  of  an  external  world, — the  vindi- 
cation of  whose  reality  has  (strange  to  say)  been  regarded  as  an 

*  Piindp.  Lex.  L 

I  See  Brown  **  On  Cauie  and  Efiect,"— a  work  of  great  acuteneas  and  aubtietj 
of  reasoning  on  some  points,  but  in  which  the  whole  train  of  argument  is  Titiated 
by  one  enormous  oversight ;  the  omission,  namely,  of  a  dUtind  and  immediate 
peraonai  eomdoumeu  of  causation  in  his  enumeration  of  that  aeqttenee  of  events^ 
by  which  the  volition  of  the  mind  is  made  to  terminate  in  the  motion  of  material 
objects.  I  mean  the  consciousness  of  effort,  accompanied  with  intention  thereby 
to  acoompliah  an  end,  as  a  thing  entirely  distinct  from  men  denre  or  volition  on 
the  one  hand,  and  from  mere  spasmodic  contraction  of  muscles  on  the  other*  Brown, 
3a  edit.,  Edin.  1818,  p.  47.     (Note  to  edition  of  183S.) 
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achievement  of  no  common  merit  in  the  annals  of  this  branch  of 
philosophy.  It  is  our  own  immediate  consciousness  o/*c^r^,  when 
we  exert  force  to  put  matter  in  motion,  or  to  oppose  and  neutral- 
ize force,  which  gives  us  this  internal  conviction  of  power  and 
causation  so  far  as  it  refers  to  the  material  world,  and  compels  us 
to  believe  that  whenever  we  see  material  objects  put  in  motion 
from  a  state  of  rest,  or  deflected  from  their  rectilinear  paths  and 
changed  in  the^  velocities  if  already  in  motion,  it  is  in  conse- 
quence of  such  an  effort  somehow  exerted,  though  not  accom- 
panied with  our  consciousness.  That  such  an  effort  should  be 
exerted  with  success  through  an  interposed  space,  is  no  more  dif- 
ficult to  conceive,  than  that  our  hand  should  communicate  motion 
to  a  stone,  with  which  it  is  demonstrably  not  in  contact. 

(440.)  All  bodies  with  which  we  are  acquainted,  when  raised 

/I  into  the  air  and  quietly  abandoned,  descend  to  the  earth's  surface 
j  in  lines  perpendicular  to  it.  They  are  therefore  urged  thereto  by 
.  ;:^  I  a  force  or  effort,  which  it  is  but  reasonable  to  regard  as  the  direct 
I  or  indirect  result  of  a  consciousness  and  aj£J/Z  existing  somewhere^ 
I  though  beyond  our  power  to  trace,  which  force  we  term  gravity^ 
and  whose  tendency  or  direction,  as  universal  experience  teaches, 
is  towards  the  earth's  centre ;  or  rather,  to  speak  strictly,  with 
reference  to  its  spheroidal  figure,  perpendicular  to  the  surface  of 
still  water.  But  if  we  cast  a  body  obliquely  into  the  air,  this  ten- 
dency, though  not  extinguished  or  diminished,  is  materially  modi- 
fied in  its  ultimate  effect.  The  upward  impetus  we  give  the  stone 
is,  it  is  true,  after  a  time  destroyed,  and  a  downward  one  commu- 
nicated to  it,  which  ultimately  brings  it  to  the  surface,  where  it  is 
opposed  in  its  further  progress,  and  brought  to  rest.  But  all  the 
while  it  has  been  continually  deflected  or  bent  aside  from  its  rec- 
tilinear progress,  and  made  to  describe  a  curved  line  concave  to 
the  earth's  centre ;  and  having  a  highest  pointy  vertex  or  apogee^ 
just  as  the  moon  has  in  its  orbit,  where  the  direction  of  its  motion 
is  perpendicular  to  the  radius. 

(441.)  When  the  stone  which  we  fling  obliquely  upwards  meets 
and  is  stopped  in  its  descent  by  the  earth's  surface,  its  motion  is 
not  towards  the  centre,  but  inclined  to  the  earth's  radius  at  the 
same  angle  as  when  it  quitted  our  hand.  As  we  are  sure  that,  if 
not  stopped  by  the  resistance  of  the  earth,  it  would  continue  to 
descend,  and  that  obliquely^  what  presumption,  we  may  ask,  is 
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there  that  it  would  ever  reach  the  centre  towards  which  its  motion, 
in  no  part  of  its  yisible  course,  was  ever  directed  ?  What  reason 
have  we  to  believe  that  it  might  not  rather  circulate  round  it,  as 
the  moon  does  round  the  earth,  returning  again  to  the  point  it  set 
out  from,  after  completing  an  elliptic  orbit  of  which  the  earth's 
centre  occupies  the  lower  focus?  And  if  so,  is  it  not  reasonable 
to  imagine  that  the  same  force  of  gravity  may  (since  we  know  that 
it  is  exerted  at  all  accessible  heights  above  the  surface,  and  even 
in  the  highest  regions  of  the  atmosphere)  extend  as  far  as  60  radii 
of  the  earth,  or  to  the  moon  ?  and  may  not  this  be  the  power, — 
for  same  power  there  must  be, — which  deflects  her  at  every  instant 
from  the  tangent  of  her  orbit,  and  keeps  her  in  the  elliptic  path 
which  experience  teaches  us  she  actually  pursues  ? 

(442.)  If  a  stone  be  whirled  round  at  the  end  of  a  string  it  will 
stretch  the  string  by  a  ceniiifugal  force,  which,  if  the  speed  of 
rotation  be  sufficiently  increased,  will  at  length  break  the  string, 
and  let  the  stone  escape.  However  strong  the  string,  it  may,  by 
a  sufficient  rotary  velocity  of  the  stone,  be  brought  to  the  utmost 
tension  it  will  bear  without  breaking ;  and  if  we  know  what  weight 
it  is  capable  of  carrying,  the  velocity  necessary  for  this  purpose  is 
easily  calculated.  Suppose,  now,  a  string  to  connect  the  earth's 
centre  with  a  weight  at  its  surface,  whose  strength  should  be  just 
sufficient  to  sustain  that  weight  suspended  from  it.  Let  us,  how- 
ever, for  a  moment  imagine  gravity  to  have  no  existence,  and  that 
the  weight  is  made  to  revolve  with  the  limiting velocityvthich  that 
string  can  barely  counteract :  then  will  its  tension  be  just  equal  to 
the  weight  of  the  revolving  body  ;  and  any  power  which  should 
continually  urge  the  body  towards  the  centre  with  a  force  equal  to 
its  weight  would  perform  the  office,  and  mjght  supply  the  place 
of  the  string,  if  divided.  Divide  it  then,  and  in  its  place  let 
gravity  act,  and  the  body  will  circulate  as  before ;  its  tendency  to 
the  centre,  or  its  weighty  being  just  balanced  by  its  centrifugal 
force.  Knowing  the  radius  of  the  earth,  we  can  calculate  by  the 
principles  of  mechanics  the  periodical  time  in  which  a  body  so 
balanced  must  circulate  to  keep  it  up;  and  this  appears  to  be 
Ih  23™  22«. 

(443.)  If  we  make  the  same  calculation  for  a  body  at  the  dis* 
tance  of  the  moon,  supposing  its  weight  or  gravity  the  same  as  at 
the  eartVs  surface^  we  shall  find  the  period  required  to  be  10^  45"^ 
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30*.  The  actual  period  of  the  moon's  revoIutioD,  however,  is 
27"*  7^  43°^ ;  and  hence  it  is  clear  that  the  moon's  velocity  is  not 
nearly  sufficient  to  sustain  it  against  such  a  power,  supposing  it  to 
revolve  in  a  circle,  or  neglecting  (for  the  present)  the  slight  ellip- 
ticity  of  its  orbit.  In  order  that  a  body  at  the  distance  of  the 
moon  (or  the  moon  itself)  should  be  capable  o(  keeping  its  distance 
from  the  earth  by  the  outward  effort  of  its  centrifugal  force,  while 
yet  its  time  of  revolution  should  be  what  the  moon's  actually  is, 
it  will  appear*  that  gravity^  instead  of  being  as  intense  as  at  the 
surface,  would  require  to  be  very  nearly  3600  times  less  energetic ; 
or,  in  other  words,  that  its  intensity  is  so  enfeebled  by  the  remote- 
ness of  the  body  on  which  it  acts,  as  to  be  capable  of  producing 
in  it,  in  the  same  time,  only  leVijth  part  of  the  motion  which  it 
would  impart  to  the  same  mass  of  matter  at  the  earth's  surface. 

(444.)  The  distance  of  the  moon  from  the  earth's  centre  is  a 
very  little  less  than  sixty  times  the  distance  from  the  centre  to  the 
surface,  and  3600  :  1  :  :  60^  :  P;  so  that  the  proportion  in 
which  we  must  admit  the  earth's  gravity  to  be  enfeebled  at  the 
moon's  distance,  if  it  be  really  the  force  which  retains  the  moon 
in  her  orbit,  must  be  (at  least  in  this  particular  instance)  that  of 
the  squares  of  the  distances  at  which  it  is  compared.  Now,  in 
such  a  diminution  of  energy  with  increase  of  distance,  there  is 
nothing  prima  Jade  inadmissible.  Emanations  from  a  centre, 
such  as  light  and  heat,  do  really  diminish  in  intensity  by  increase  of 
distance,  and  in  this  identical  proportion  ;  and  though  we  cannot  cer«- 
tainly  argue  much  from  this  analogy,  yet  we  do  see  that  the  power 
of  magnetic  and  electric  attractions  and  repulsions  is  actually 
enfeebled  by  distance,  and  much  more  rapidly  than  in  the  simple 
proportion  of  the  increased  distances.  The  argument  therefore, 
stands  thus: — ^On  the  one  hand.  Gravity  is  a  real  power,  of  whose 
agency  we  have  daily  experience.  We  know  that  it  extends  to 
the  greatest  accessible  heights,  and  far  beyond ;  and  we  see  no 
reason  for  drawing  a  line  at  any  particular  height,  and  there  assert- 
ing that  it  must  cease  entirely  ;  though  we  have  analogies  to  lead 
us  to  suppose  its  energy  may  diminish  as  we  ascend  to  great 
heights  from  the  surface,  such  as  that  of  the  moon.  On  the  other 
hand  we  are  sure  the  moon  is  urged  towards  the  earth  by  some 
power  which  retains  her  in  her  orbit,  and  that  the  intensity  of  this 

*  Newton,  Prindp.  b.  i.,  Prop.  4,  Cor.  2. 
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power  is  such  as  would  correspond  to  a  gravity,  diminislied  in  the 
proportion— otherwise  not  improbable — of  the  squares  of  the  dis- 
tances. If  gravity  be  not  that  power,  there  must  exist  some  other ; 
and,  besii^s  this,  gravity  must  cease  at  some  inferior  level,  or  the 
nature  of  tft  moon  must  be  different  from  that  of  ponderable  matter ; 
— ^for  if  not,  it  would  be  urged  by  both  powers,  and  therefore  too 
mtich  urged  and  forced  inwards  from  her  path. 

(445.)  It  is  on  such  an  argument  that  Newton  is  understood  to 
have  rested,  in  the  first  instance,  and  provisionally,  his  law  of  uni- 
versal gravitation,  which  may  be  thus  abstractly  stated :— *<•  Every 
particle  of  matter  in  the  universe  attracts  every  other  particle,  with 
a  force  directly  proportioned  to  the  mass  of  the  attracting  particle, 
and  inversely  to  the  square  of  the  distance  between  them.''  In 
this  abstract  and  general  form,  however,  the  proposition  is  not 
applicable  to  the  case  before  us.  The  earth  and  moon  are  not 
mere  particles^  but  great  spherical  bodies,  and  to  such  the  general 
law  does  not  immediately  apply ;  and,  before  we  can  make  it 
applicable,  it  becomes  necessary  to  inquire  what  will  be  the  force 
with  which  a  congeries  of  particles,  constituting  a  solid  mass  of 
any  assigned  figure,  will  attract  another  such  collection  of  material 
atoms.  This  problem  is  one  purely  dynamical,  and,  in  this  its 
general  form,  is  of  extreme  difficulty.  Fortunately  however,  for 
human  knowledge  when  the  attracting  and  attracted  bodies  are 
spheres,  it  admits  of  an  easy  and  direct  solution.  Newton  himself 
has  shown  (^Princip.  b.  i.  prop.  75,)  that,  in  that  case,  the  attrac- 
tion is  precisely  the  same  as  if  the  whole  matter  of  each  sphere 
were  collected  into  its  centre,  and  the  spheres  were  single  particles 
there  placed  ;  so  that,  in  this  case,  the  general  law  applies  in  its 
strict  wording.  The  effect  of  the  trifling  deviation  of  the  earth 
from  a  spherical  form  is  of  too  minute  an  order  to  need  attention  at 
present.  It  is,  however,  perceptible,  and  may  be  hereafter  noticed. 

(446.)  The  next  step  in  the  Newtonian  argument  is  one  which 
divests  the  law  of  gravitation  of  its  provisional  character,  as  de- 
rived from  a  loose  and  superficial  consideration  of  the  lunar  orbit 
as  a  circle  described  with  an  average  or  mean  velocity,  and  elevates 
it  to  the  rank  of  a  general  and  primordial  relation  by  proving  its 
applicability  to  the  state  of  existing  nature  in  all  its  circumstances. 
This  step  consists  in  demonstrating,  as  he  has  done,*'  [Princip,  i. 

*  We  refer  for  these  fundamental  propoBttiontf  as  a  point  of  duty,  to  the  iinmor« 
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17,  i.  75,)  that,  under  the  influence  of  such  an  attractive  force 
mutually  urging  two  spherical  gravitating  bodies  towards  each 
other,  they  will  each,  when  moving  in  each  other's  neighbour- 
hood, be  deflected  into  an  orbit  concave  towards  the  other,  and 
describe,  one  about  the  other  regarded  as  fixed,  or  both  round 
their  common  centre  of  gravity,  curves  whose  forms  are  limited  to 
those  figures  known  in  geometry  by  the  general  name  of  conic 
sections.  It  will  depend,  he  shows,  ia  any  assigned  case,  upon 
the  particular  circumstances  or  velocity,  distance,  and  direction, 
which  of  these  curves  shall  be  described, — whether  an  ellipse,  a 
circle,  a  parabola,  or  an  hyperbola ;  but  one  or  other  it  mtist  be ; 
and  any  one  of  any  degree  of  excentricity  it  may  be,  according  to 
the  circumstances  of  the  case ;  and,  in  all  cases,  the  point  to 
which  the  motion  is  referred,  whether  it  be  the  centre  of  one  of 
the  spheres,  or  their  common  centre  of  gravity,  will  of  necessity 
be  the/bcus  of  the  conic  section  described.  He  shows,  further- 
more, f^Princip.  i.  1,)  that,  in  every  case,  the  angular  velocity  with 
which  the  line  joining  their  centres  moves,  must  be  inversely  pro- 
portional to  the  square  of  their  mutual  distance,  and  that  equal 
areas  of  the  curves  described  will  be  swept  over  by  their  line  of 
junction  in  equal  times. 

(447.)  All  this  is  in  conformity  with  what  we  have  stated  of 
the  solar  and  lunar  movements.  Their  orbits  are  ellipses,  but 
of  difierent  degrees  of  excentricity ;  and  this  circumstance  al- 
ready indicates  the  general  applicability  of  the  principles  in  ques- 
tion. 

(448.)  But  here  we  have  already,  by  a  natural  and  ready  im- 
plication (such  is  always  the  progress  of  generalization),  taken  a 
further  and  most  important  step,  almost  unperceived.  We  have 
extended  the  action  of  gravity  to  the  case  of  the  earth  and  sun, 
to  a  distance  immensely  greater  than  that  of  the  moon,  and  to  a 
body  apparently  quite  of  a  different  nature  than  either.     Are  we 

tal  work  in  which  they  were  first  propoanded.  It  is  impoenble  tor  us,  in  this 
▼olume,  to  go  into  these  inrestigations :  e^en  did  our  limits  permit,  it  would  be 
utterly  inconsistent  with  our  plan  ;  a  general  idea,  however,  of  their  conduct  will 
be  given  in  the  next  chapter.  Wc  trust  that  the  cateful  and  attentive  study  of  the 
Principia  in  its  original  form  will  never  be  laid  aside,  whatever  be  the  improve* 
ments  of  the  modem  analysis  as  respects  facility  of  calculation  and  expression. 
From  no  other  quarter  can  a  thorough  and  complete  comprehension  of  the  mecha- 
nism of  our  system,  (so  far  as  the  immediate  scope  of  that  work  extends,)  be  any- 
thing like  80  weUf  and  we  may  add>  so  easily  obtained* 
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justified  ID  this?  or,  at  all  events,  are  there  no  modifications  in- 
troduced by  the  change  of  data,  if  not  into  the  general  expression, 
at  least  into  the  particular  interpretation,  of  the  law  of  gravitation  ? 
Now,  the  moment  we  come  to  numbers,  an  obvious  incongruity 
strikes  us.  When  we  calculate,  as  above,  from  the  known  dis- 
tance of  the  sun  (art.  357),  and  from  the  period  in  which  the 
earth  circulates  about  it  (art.  305),  what  must  be  the  centrifugal 
force  of  the  latter  by  which  the  sun's  attraction  is  balanced,  (and 
which,  therefore,  becomes  an  exact  measure  of  the  sun's  attractive 
energy  as  exerted  on  the  earth,)  we  find  it  to  be  immensely 
greater  than  would  suffice  to  counteract  the  earWs  attraction  on 
an  equal  body  at  that  distance — greater  in  the  high  proportion  of 
354936  to  1.  It  is  clear,  then,  that  if  the  earth  be  retained  in  its 
orbit  about  the  sun  by  solar  attraction^  conformable  in  its  rate  of 
diminution  with  the  general  law,  this  force  must  be  no  less  than 
354936  times  more  intense  than  what  the  earth  would  be  capable 
of  exerting,  cateris  paribus^  at  an  equal  distance. 

(449.)  What,  then,  are  we  to  understand  from  this  result? 
Simply  this, — that  the  sun  attracts  as  a  collection  of  354936  earths 
occupying  its  place  would  do,  or,  in  other  words,  that  the  sun 
contains  354936  times  the  mass  or  quantity  of  ponderable  matter 
that  the  earth  consists  of.  Nor  let  this  conclusion  startle  us.  We 
have  only  to  recall  what  has  been  already  shown  in  art.  358,  of 
the  gigantic  dimensions  of  this  magnificent  body,  to  perceive  that, 
in  assigning  to  it  so  vast  a  mass,  we  are  not  outstepping  a  reasona- 
ble proportion.  In  fact,  when  we  come  to  compare  its  mass  with 
its  bulkj  we  find  its  density*  to  be  less  than  that  of  the  earth,  being 
no  more  than  0*2543.  So  that  it  must  consist,  in  reality,  of  far 
lighter  materials,  especially  when  we  consider  the  force  under 
which  its  central  parts  must  be  condensed.  This  consideration 
renders  it  highly  probable  that  an  intense  heat  prevails  in  its  in- 
terior by  which  its  elasticity  is  reinforced,  and  rendered  capable 
of  resisting  this  almost  inconceivable  pressure  without  collapsing 
into  smaller  dimensions. 

(450.)  This  will  be  more  distinctly  appreciated,  if  we  estimate, 
as  we  are  now  prepared  to  do,  the  intensity  of  gravity  at  the  sun's 
surface. 

*  The  denritj  of  a  material  body  is  as  the  mass  directly,  and  the  ▼oliime  inversely  • 
hence  density  of  Q  :  density  of  © :  I'^i^:  1  s  0'a643  :  1. 
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The  attraction  of  a  sphere  being  the  same  (art.  445,)  as  if  its 
whole  mass  were  collected  in  its  centre,  will,  of  course,  be  propor- 
tional to  the  mass  directly,  and  the  square  of  the  distance  inversely ; 
and,  in  this  case  the  distance  is  the  radius  of  the  sphere.  Hence 
we  conclude,*  that  the  intensities  of  solar  and  terrestrial  gravity  at 
the  surfaces  of  the  two  globes  are  in  the  proportions  of  27-9  to  1. 
A  pound  of  terrestrial  matter  at  the  sun's  surface,  then,  would  exert 
a  pressure  equal  to  what  27*9  such  pounds  would  do  at  the  earth's. 
The  e£Scacy  of  muscular  power  to  overcome  weight  is  therefore 
proportionally  nearly  28  times  less  on  the  sun  than  on  the  earth. 
An  ordinary  man,  for  example,  would  not  only  be  unable  to  sustain 
his  own  weight  on  the  sun,  but  would  literally  be  crushed  to  atoms 
under  the  load.f 

(451.)  Henceforward,  then,  we  must  consent  to  dismiss  all  idea 
of  the  earth's  immobility,  and  transfer  that  attribute  to  the  sun, 
whose  ponderous  mass  is  calculated  to  exhaust  the  feeble  attrac* 
tions  of  such  comparative  atoms  as  the  earth  and  moon,  without 
being  perceptibly  dragged  from  its  place.  The  centre  of  j;ravity 
lies,  as  we  have  already  hinted,  almost  close  to  the  centre  of  the 
solar  globe,  at  an  interval  quite  imperceptible  from  our  distance ; 
and  whether  we  regard  the  earth's  orbit  as  being  performed  about 
the  one  or  the  other  centre  makes  no  appreciable  difierence  in  any 
one  phenomenon  of  astronomy. 

(452.)  It  is  in  consequence  of  the  muitial  gravitation  of  all  the 
several  parts  of  matter,  which  the  Newtonian  law  supposes,  that 
the  earth  and  moon,  while  in  the  act  of  revolving,  monthly,  in 
their  mutual  orbits  about  their  common  centre  of  gravity,  yet  con- 
tinue to  circulate,  without  parting  company,  in  a  greater  annual 
orbit  round  the  sun.  We  may  conceive  this  motion  by  connecting 
two  unequal  balls  by  a  stick,  which,  at  their  centre  of  gravity,  is 
tied  by  a  long  string,  and  whirled  round.  Their  joint  system  will 
circulate  as  one  body  about  the  common  centre  to  which  the  string 
is  attached,  while  yet  they  may  go  on  circulating  round  each  other 
in  subordinate  gyrations,  as  if  the  stick  were  quite  free  from  any 
such  tie,  and  merely  hurled  through  the  air.    If  the  earth  alone, 

SM996  1 

*  Solar  gravity  :  terrestrial :  -^^^^^  '  (455552  : :  27»9  :  1 ;  the  respective  radii  of 

the  Blin  and  earth  being  440000,  and  4000  iniles. 

t  A  mass  weighing  13  stone  or  168  lbs.  on  the  earth,  would  produce  a  pressure 
of  4687  lbs.  on  the  sun. 
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and  not  the  moon,  gravitated  to  the  sun,  it  would  be  dragged 
away,  and  leave  the  moon  behind — and  vice  versd;  but,  acting 
on  both,  they  continue  together  under  its  attraction,  just  as  the 
loose  parts  of  the  earth's  surface  continue  to  rest  upon  it.  It  is, 
then,  in  "strictness,  not  the  earth  or  the  moon  which  describes  an 
ellipse  around  the  sun,  but  their  common  centre  of  gravity.  The 
efiect  is  to  produce  a  small,  but  very  perceptible,  monthly  equation 
in  the  sun's  apparent  motion  as  seen  from  the  earth,  which  is 
always  taken  into  account  in  calculating  the  sun's  place.  The 
moon's  actual  path  in  its  compound  orbit  round  the  earth  and  sun 
is  an  epicycloidal  curve  intersecting  the  orbit  of  the  earth  twice  in 
every  lunar  month,  and  alternately  within  and  without  it.  But  as 
there  are  not  more  than  twelve  such  months  in  the  year,  and  as 
the  total  departure  of  the  moon  from  it  either  waytloes  not  exceed 
one  400th  part  of  the  radius,  this  amounts  only  to  a  slight  undula- 
tion upon  the  earth's  ellipse,  so  slight,  indeed,  that  if  drawn  in 
true  proportion  on  a  large  sheet  of  paper,  no  eye  unaided  by 
measurement  with  compasses  would  detect  it.  The  real  orbit  of 
the  moon  is  everywhere  concave  towards  the  sun. 

(453.)  Here  moreover,  t.  e,  in  the  attraction  of  the  sun,  we  have 
the  key  to  all  those  differences  from  an  exact  elliptic  movement  of 
the  moon  in  her  monthly  orbit,  which  we  have  already  noticed 
(arts.  407, 409),  viz.  to  the  retrograde  revolution  of  her  nodes ;  to 
the  direct  circulation  of  the  axis  of  her  ellipse ;  and  to  all  the  other 
deviations  from  the  laws  of  elliptic  motion  at  which  we  have 
further  hinted.  If  the  moon  simply  revolved  about  the  earth 
under  the  influence  of  its  gravity,  none  of  these  phenomena  would 
take  place.  Its  orbit  would  be  a  perfect  ellipse,  returning  into 
itself,  and  always  lying  in  one  and  the  same  plane.  That  it  is  not 
so^  is  a  proof  that  some  cause  disturbs  it,  and  interferes  with  the 
earth's  attraction  ;  and  this  cause  is  no  other  than  the  sun^s  attrac- 
tion— or  rather,  that  part  of  it  which  is  not  equally  exerted  on  the 
earth. 

(454.)  Suppose  two  stones,  side  by  side,  or  otherwise  situated 
with  respect  to  each  other,  to  be  let  fall  together ;  then,  as  gravity 
accelerates  them  equally,  they  will  retain  their  relative  positions, 
and  fall  together  as  if  they  formed  one  mass.  But  suppose  gravity 
to  be  rather  more  intensely  exerted  on  one  than  the  other ;  then 
would  that  one  be  rather  more  accelerated  in  its  fall,  and  would 
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gradually  leave  the  other;  and  thus  a  relative  motioD  between 
them  would  arise  from  the  diflference  of  action,  however  slight. 

(445.)  The  sun  is  about  400  times  more  remote  than  the  moon ; 
and,  in  consequence,  while  the  moon  describes  her  monthly  orbit 
round  the  earth,  her  distance  from  the  sun  is  alternately  ^J^th  part 
greater  and  as  much  less  than  the  earth's.  Small  as  this  is,  it  is 
yet  sufficient  to  produce  a  perceptible  excess  of  attractive  tendency 

Fig.  62. 

^'(^ i^ 

of  the  moon  towards  the  sun,  above  that  of  the  earth  when  in  the 
nearer  point  of  her  orbit,  M,  and  a  corresponding  defect  on  the 
opposite  part,  N  ;  and,  in  the  intermediate  positions,  not  ojily  will 
a  difference  of  forces  subsist,  but  a  difference  of  directions  also  ; 
since  however  small  the  lunar  orbit  M  N,  it  is  not  a  point,  and, 
therefore,  the  lines  drawn  from  the  sun  S  to  its  several  parts  cannot 
be  regarded  as  strictly  parallel.  If,  as  we  have  already  seen,  the 
force  of  the  sun  were  equally  exerted,  and  in  parallel  directions  on 
both,  no  disturbance  of  their  relative  situations  would  take  place  ; 
but  from  the  non-verification  of  these  conditions  arises  a  disturbing 
force^  oblique  to  the  line  joining  the  moon  and  earth,  which  in 
some  situations  acts  to  accelerate^  in  others  to  retard  her  elliptic 
orbitual  motion ;  in  some  to  draw  the  earth  from  the  moon,  in 
others  the  moon  from  the  earth.  Again,  the  lunar  orbit,  though 
very  nearly,  is  yet  not  quite  coincident  with  the  plane  of  the 
ecliptic;  and  hence  the  action  of  the  sun,  which  is  very  nearly 
parallel  to  the  last-mentioned  plane,  tends  to  draw  her  somewhat 
out  of  the  plane  of  her  orbit,  and  does  actually  do  so — producing 
the  revolution  of  her  nodes,  and  other  phenomena  less  striking. 
We  are  not  yet  prepared  to  go  into  the  subject  of  these  perturbor 
tionSf  as  they  are  called ;  but  they  are  introduced  to  the  reader's 
notice  as  early  as  possible,  for  the  purpose  of  reassuring  his  mind, 
should  doubts  have  arisen  as  to  the  logical  correctness  of  our 
argument,  in  consequence  of  our  temporary  neglect  of  them  while 
working  our  way  upward  to  the  law  of  gravity  from  a  general 
consideration  of  the  moon's  orbit. 


CHAPTER  IX. 

OF  THE  SOLAR  SYSTEM. 

apparent  motions  of  the  planets. — their  stations  and  re- 
trogradations. — the  sun  their  natural  centre  of  motion. 
<^-inferior  planets. their  phases,  periods,  etc. — dimen- 
sions and  form  of  their  orbits. — transits  across  the 
sun. — superior  planets. — their  distances,  periods,  etc.— 
Kepler's  laws  and  their  interpretation. — elliptic  ele- 
ments OF  A  planet's  orbit. — ITS  HELIOCENTRIC  AND  GEO- 
CENTRIC PLACE. — EMPIRICAL  LAW  OF  PLANETARY  DISTANCES  ;-~ 
VIOLATED  IN  THE  CASE  OF  NEPTUNE. — THE  ULTRA- ZODIACAL 
PLANETS.  —  PHYSICAL  PECULIARITIES  OBSERVABLE  IN  EACH  OF 
THE   PLANETS. 

(456.)  The  sun  and  moon  are  not  the  only  celestial  objects 
mrhich  appear  to  have  a  motion  independent  of  that  by  which  the 
great  constellation  of  the  heavens  is  daily  carried  round  the  earth. 
Among  the  stars  there  are  several, — and  those  among  the  bright- 
est and  most  conspicuous, — which,  when  attentively  watched 
from  night  to  night,  are  found  to  change  their  relative  situations 
among  the  rest ;  some  rapidly^  others  much  more  slowly.  These 
are  called  planets.  Four  of  them — ^Venus,  Mars,  Jupiter,  and 
Saturn — are  remarkably  large  and  brilliant ;  another,  Mercury,  is 
also  visible  to  the  naked  eye  as  a  large  star,  but,  for  a  reason  which 
will  presently  appear,  is  seldom  conspicuous;  a  sixth,  Uranus,  is 
barely  discernible  without  a  telescope ;  and  nine  others — Neptune, 
Ceres,  Pallas,  Vesta,  Juno,  Astrsea,  Hebe,  Iris,  Flora — are  never 
visible  to  the  naked  eye.  Besides  these  fifleen,  others  yet  undis- 
covered may  exist  ;*  and  it  is  extremely  probable  that  such  is  the 
case, — the  multitude  of  telescopic  stars  being  so  great  that  only  a 

*  While  Uiifl  sheet  is  passing  through  the  press,  a  sixteenth,  not  yet  named,  has 
been  added  to  the  list,  by  the  observations  of  Mr.  Graham,  astronomical  assistant  to 
£.  Cooper,  Esq.,  at  his  observatoiy  at  Markree,  Sligo^  Ireland. 


268  OUTLIKBS  OF  ABTBOKOHT. 

small  fraction  of  their  number  has  been  sufficiently  noticed  to 
ascertain  whether  they  retain  the  same  places  or  not,  and  the  ten 
last-mentioned  planets  having  all  been  discorered  within  little 
more  than  half  a  century  from  the  present  time. 

(457.)  The  apparent  motions  of  the  planets  are  much  more 
irregular  than  those  of  the  sun  or  moon.  Generally  speaking,  and 
comparing  their  places  at  distant  times,  they  all  advance,  though 
with  very  different  average  or  mean  velocities,  in  the  same  direc- 
tion as  those  luminaries,  t.  e.  in  opposition  to  the  apparent  diurnal 
motion,  or  from  west  to  east :  all  of  them  make  the  entire  tour  of 
the  heavens,  though  under  very  different  circumstances ;  aind  all 
of  them,  with  the  exception  of  the  eight  telescopic  planets, — 
Ceres,  Pallas,  Juno,  Vesta,  Astrsea,  Hebe,  Iris,  and  Flora  (which 
may  therefore  be  termed  uLtra-zodiacal)^ — are  confined  in  their 
visible  paths  within  very  narrow  limits  on  either  side  the  ecliptic, 
and  perform  their  movements  within  that  zone  of  the  heavens 
we  have  called,  above,  the  Zodiac  (art.  303). 

(458.)  The  obvious  conclusion  from  this  is,  that  whatever  be, 
otherwise,  the  nature  and  law  of  their  motions,  they  are  performed 
nearly  in  the  plane  of  the  ecliptic — ^that  plane,  namely,  in  which  our 
own  motion  about  the  sun  is  performed.  Hence  it  follows,  that 
we  see  their  evolutions,  not  in  plan^  but  in  section;  their  real 
angular  movements  and  linear  distances  being  all  foreshortened 
and  confounded  undistinguishably,  while  only  their  deviations 
from  the  ecliptic  appear  of  their  natural  magnitude,  undiminished 
by  the  effect  of  perspective. 

(459.)  The  apparent  motions  of  the  sun  and  moon,  though  not 
uniform,  do  not  deviate  very  greatly  from  uniformity ;  a  moderate 
acceleration  and  retardation,  accountable  for  by  the  ellipticity  of 
their  orbits,  being  all  that  is  remarked.  But  the  case  is  widely 
different  with  the  planets :  sometimes  they  advance  rapidly ;  then 
relax  in  their  apparent  speed — come  to  a  momentary  stop ;  and 
then  actually  reverse  their  motion,  and  run  back  upon  their  former 
course,  with  a  rapidity  at  first  increasing,  then  diminishing,  till  the 
reversed  or  retrograde  motion  ceases  altogether.  Another  station^ 
or  moment  of  apparent  rest  or  indecision,  now  takes  place  ;  after 
which  the  movement  is  again  reversed,  and  resumes  its  original 
direct  character.  On  the  whole,  however,  the  amount  of  direct 
motion  more  than  compensates  the  retrograde ;  and  by  the  excess 
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of  the  former  over  the  latter,  the  gradual  advance  of  the  planet 
from  west  to  east  is  maintained.  Thus,  supposing  the  Zodiac  to 
be  unfolded  into  a  plane  surface,  (or  represented  as  in  Mercator's 
projection,  art  283,  taking  the  ecliptic  EC  for  its  ground  line,) 
the  track  of  a  planet  when  mapped  down  by  observation  from  day 


to  day,  will  offer  the  appearance  P  Q  R  S,  &c. ;  the  motion  from 
P  to  Q  being  direct,  at  Q  stationary,  from  Q  to  R  retrograde,  at 
R  again  stationary,  from  R  to  S  direct,  and  so  on. 

(460.)  In  the  midst  of  the  irregularity  and  fluctuation  of  this 
motion,  one  remarkable  feature  of  uniformity  is  observed.  When- 
ever the  planet  crosses  the  ecliptic,  as  at  N  in  the  figure,  it  is  said 
(like  the  moon)  to  be  in  its  node ;  and  as  the  earth  necessarily  lies 
in  the  plane  of  the  ecliptic,  the  planet  cannot  be  apparently  or 
uranographically  situated  in  the  celestial  circle  so  called,  without 
being  really  and  locally  situated  in  that  plane.  The  visible  pas- 
sage of  a  planet  through  its  node,  then,  is  a  phenomenon  indica- 
tive of  a  circumstance  in  its  real  motion  quite  independent  of  the 
station  from  which  we  view  it.  Now,  it  is  easy  to  ascertain,  by 
observation,  when  a  planet  passes  from  the  north  to  the  south  side 
of  the  ecliptic :  we  have  only  to  convert  its  right  ascensions  and 
declinations  into  longitudes  and  latitudes,  and  the  change  from 
north  to  south  latitude  on  two  successive  days  will  advertise  us  on 
what  day  the  transition  took  place ;  while  a  simple  proportion, 
grounded  on  the  observed  state  of  its  motion  in  latitude  in  the 
interval,  will  sufiice  to  fix  the  precise  hour  and  minute  of  its  ar- 
rival on  the  ecliptic.  Now,  this  being  done  for  several  transitions 
from  side  to  side  of  the  ecliptic,  and  their  dates  thereby  fixed,  we 
find,  universally,  that  the  interval  of  time  elapsing  between  the 
successive  passages  of  each  planet  through  the  same  node  (whether 
it  be  the  ascending  or  the  descending)  is  always  alike,  whether 
the  planet  at  the  moment  of  such  passage  be  direct  or  retrograde, 
swift  or  slow,  in  its  apparent  movement. 

(461.)  Here,  then,  we  have  a  circumstance  which,  while  it 
shows  that  the  motions  of  the  planets  are  in  fact  subject  to  certain 
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laws  and  fixed  periods,  may  lead  us  very  natarally  to  suspect  that 
the  apparent  irregularities  and  complexities  of  their  movements 
may  be  owing  to  our  not  seeing  them  from  their  natural  centre 
(art.  338,  371  ,  and  from  our  mixing  up  with  their  own  proper 
motions  movements  of  a  parallactic  kind,  due  to  our  own  change 
of  place,  in  virtue  of  the  orbitual  motion  of  the  earth  about  the 
sun. 

(462.)  If  we  abandon  the  earth  as  a  centre  of  the  planetary 
motions,  it  cannot  admit  of  a  moment's  hesitation  where  we  should 
place  that  centre  with  the  greatest  probability  of  truth.  It  must 
surely  be  the  sun  which  is  entitled  to  the  first  trial,  as  a  station  to 
which  to  refer  to  them.  If  it  be  not  connected  with  them  by  any 
physical  relation,  it  at  least  possesses  the  advantage,  which  the 
earth  does  not,  of  comparative  immobility.  But  after  what  has 
been  shown  in  art.  449,  of  the  immense  mass  of  that  luminary, 
and  of  the  office  it  performs  to  us  as  a  quiescent  centre  of  our 
orbitual  motion,  nothing  can  be  more  natural  than  to  suppose  it 
may  perform  the  same  to  other  globes  which,  like  the  earth,  may 
be  revolving  round  it ;  and  these  globes  may  be  visible  to  us  by 
its  light  reflected  from  them,  as  the  moon  is.  Now  there  are 
many  facts  vwhich  give  a  strong  support  to  the  idea  that  the  planets 
are  in  this  predicament. 

(463.)  In  the  first  place,  the  planets  really  are  great  globes,  of 
a  size  commensurate  with  the  earth,  and  several  of  them  much 
greater.  When  examined  through  powerful  telescopes,  they  are 
seen  to  be  round  bodies,  of  sensible  and  even  of  considerable 
apparent  diameter,  and  ofTering  distinct  and  characteristic  pecu- 
liarities, which  show  them  to  be  solid  masses,  each  possessing  its 
individual  structure  and  mechanism ;  and  that,  in  one  instance  at 
least,  an  exceedingly  artificial  and  complex  one.  (See  the  repre- 
sentations of  Mars,  Jupiter,  and  Saturn,  in  Plate  III.)  That  their 
distances  from  us  are  great,  much  greater  than  that  of  the  moon, 
and  some  of  them  even  greater  than  that  of  the  sun,  we  infer,  1st, 
from  their  being  occulted  by  the  moon,  and  2dly,  from  the  small- 
ness  of  their  diurnal  parallax,  which,  even  for  the  nearest  of  them, 
when  most  favourably  situated,  does  not  exceed  a  few  seconds, 
and  for  the  remote  ones  is  almost  imperceptible.  From  the  com- 
parison of  the  diurnal  parallax  of  a  celestial  body,  with  its  apparent 
semidiameter,  we  can  at  once  estimate  its  real  size.    For  the 
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parallax  is,  in  fact,  nothing  else  than  the  apparent  semidiameter  of 
the  earth  as  seen  from  the  body  in  question  (art.  339,  et  seq.) ; 
and,  the  intervening  distance  being  the  same,  the  real  diameters 
must  be  to  each  other  in  the  proportion  of  the  apparent  ones. 
Without  going  into  particulars,  it  Mrill  suffice  to  state  it  as  a  gene- 
ral result  of  that  comparison,  that  the  planets  are  all  of  them  in- 
comparably smaller  than  the  sun,  but  some  of  them  as  large  as 
the  earth,  and  others  much  greater. 

(464.)  The  next  fact  respecting  them  is,  that  their  distances 
from  us,  as  estimated  from  the  measurement  of  their  angular 
diameters,  are  in  a  continual  state  of  change,  periodically  increas-* 
ing  and  decreasing  within  certain  limits,  but  by  no  means  corre- 
sponding with  the  supposition  of  regular  circular  or  elliptic  orbits 
described  by  them  about  the  earth  as  a  centre  or  focus,  but  main- 
taining a  constant  and  obvious  relation  to  their  apparent  angular 
distances  or  elongcUions  from  the  sun.  For  example ;  the  apparent 
diameter  of  Mars  is  greatest  when  in  opposition  (as  it  is  called)  to 
the  sun,  i.  e.  when  in  the  opposite  part  of  the  ecliptic,  or  when  it 
comes  on  the  meridian  at  midnight, — being  then  about  18", — but 
diminishes  rapidly  from  that  amount  to  about  4",  which  is  its 
apparent  diameter  when  in  conjundionj  or  when  seen  in  nearly  the 
same  direction  as  that  luminary.  This,  and  facts  of  a  similar  cha- 
racter, observed  with  respect  to  the  apparent  diameters  of  the  other 
planets,  clearly  point  out  the  sun  as  having  more  than  an  accidental 
relation  to  their  movements. 

(465.)  Lastly,  certain  of  the  planets,  (Mercury,  Venus,  and 
Mars,)  when  viewed  through  telescopes,  exhibit  the  appearance  of 
phases  like  those  of  the  moon.  This  proves  that  they  are  opaque 
bodies,  shining  only  by  reflected  light,  which  can  be  no  other  than 
that  of  the  sun's ;  not  only  because  there  is  no  other  source  ot 
light  external  to  them  sufficiently  powerful,  but  because  the  appear- 
ance and  succession  of  the  phases  themselves  are  (like  their  visi- 
ble diameters)  intimately  connected  with  their  elongations  from 
the  sun,  as  will  presently  be  shown. 

(466.)  Accordingly  it  is  found,  that,  when  we  refer  the  plane- 
tary movements  to  the  sun  as  a  centre,  all  that  apparent  irregu- 
larity which  they  offer  when  viewed  from  the  earth  disappears  at 
once,  and  resolves  itself  into  one  simple  and  general  law,  of  which 
the  earth's  motion,  as  explained  in  a  former  chapter,  is  only  a 
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particular  case.  In  order  to  show  how  this  happens,  let  us  take 
the  case  of  a  single  planet,  whioh  we  will  suppose  to  revolve 
round  the  sun,  in  a  plane  nearly,  but  not  quite,  coincident  with 
the  ecliptic,  but  passing  through  the  sun,  and  of  course  intersect- 
ing  the  ecliptic  in  a  fixed  line,  which  is  the  line  of  the  planet's 
nodes;  This  line  must  of  course  divide  its  orbit  into  two  seg- 
ments ;  and  it  is  evident  that,  so  long  as  the  circumstances  of  the 
planet's  motion  remain  otherwise  unchanged,  the  times  of  de- 
scribing these  segments  must  remain  the  same.  The  interval,  then, 
between  the  planet's  quitting  either  node,  and  returning  to  the 
•same  node  again,  must  be  that  in  which  it  describes  one  complete 
revolution  round  the  sun,  or  its  periodic  time ;  and  thus  we  are 
furnished  with  a  direct  method  of  ascertaining  the  periodic  time 
of  each  planet 

'  (467.)  We  have  said  (art.  457,)  that  the  planets  make  the  entire 
tour  of  the  heavens  under  very  dijSferent  circumstances.  This 
must  be  explained.  Two  of  them — Mercury  and  Venus — ^perform 
this  circuit  evidently  as  attendants  upon  the  sun,  from  whose 
vicinity  they  never  depart  beyond  a  certain  limit.  They  are  seen 
sometimes  to  the  east,  sometimes  to  the  west  of  it.  In  the  former 
case  they  appear  conspicuous  over  the  western  horizon,  just  after 
sunset,  and  are  called  evening  stars :  Venus,  especially,  appears 
occasionally  in  this  situation  with  a  dazzling  lustre  ;  and  in  favour- 
able circumstances  may  be  observed  to  cast  a  pretty  strong  sha- 
dow.* When  they  happen  to  be  to  the  west  of  the  sun,  they  rise 
before  that  luminary  in  the  morning,  and  appear  over  the  eastern 
horizon  as  morning  stars :  they  do  not,  however,  attain  the  same 
elongation  from  the  sun.  Mercury  never  attains  a  greater  angular 
distance  from  it  than  about  29^,  while  Venus  extends  her  excur- 
sions on  either  side  to  about  47°.  When  they  have  receded  from 
the  sun,  eastward^  to  their  respective  distances^  they  remain  for  a 
time,  as  it  were,  immovable  toith  respect  to  ity  and  are  carried  along 
with  it  in  the  ecliptic  with  a  motion  equal  to  its  own ;  but  pre- 
sently they  begin  to  approach  it,  or,  which  comes  to  the  same, 
their  motion  in  longitude  diminishes,  and  the  sun  gains  upon 
them.    As  this  approach  goes  on,  their  continuance  above  the 

*  It  must  be  thrown  upon  a  white  ground.  An  open  window  in  a  whitewashed 
room  is  the  best  exposure.  In  this  situation  I  have  observed  not  only  the  shadow, 
but  the  diffracted  fringes  edging  its  outline^ — U.  Note  to  the  edition  of  1833. 
Venus  may  often  be  seen  with  the  naked  eye  in  the  daytime. 
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horizon  after  sunset  becomes  daily  shorter,  till  at  length  they  set 
before  the  darkness  has  become  sufficient  to  allow  of  their  being 
seen.  For  a  time,  then,  they  are  not  seen  at  all,  unless  on  very 
rare  occasions,  when  they  are  to  be  observed  passing  across  the 
sttn^s  disc  as  smally  rounds  well-defined  black  spoisj  totally  different 
in  appearance  from  the  solar  spots  (art.  386).  These  phenomena 
are  emphatically  called  transits  of  the  respective  planets  across  the 
sun,  and  take  place  when  the  earth  happens  to  be  passing  the  line 
of  their  nodes  while  they  are  in  that  part  of  their  orbits,  just  as  in 
the  account  we  have  given  (art.  412,)  of  a  solar  eclipse.  After 
having  thus  continued  invisible  for  a  time,  however,  they  begin  to 
appear  on  the  other  side  of  the  sun,  at  first  showing  themselves 
only  for  a  few  minutes  before  sunrise,  and  gradually  longer  and 
longer  as  they  recede  from  him.  At  this  time  their  motion  in  lon- 
gitude is  rapidly  retrograde.  Before  they  attain  their  greatest 
elongation,  however,  they  become  stationary  in  the  heavens ;  but 
their  recess  from  the  sun  is  still  maintained  by  the  advance  of  that 
luminary  along  the  ecliptic,  which  continues  to  leave  them  behind, 
until,  having  reversed  their  motion,  and  become  again  direct^  they 
acquire  sufficient  speed  to  commence  overtaking  him — at  which 
moment  they  have  their  greatest  loestem  elongation ;  and  thus  is 
a  kind  of  oscillatory  movement  kept  up,  while  the  general  advance 
along  the  ecliptic  goes  on. 

(468.)  Suppose  P  Q  to  be  the  ecliptic,  and  A  6  D  the  orbit  of 
one  of  these  planets,  (for  instance,  Mercury,)  seen  almost  edge- 
wise by  an  eye  situated  very  nearly  in  its  plane ;  S,  the  sun,  its 
centre ;  and  A,  B,  D,  S,  successive  positions  of  the  planet,  of 
which  B  and  S  are  in  the  nodes.    If,  then,  the  sun  S  stood  appa- 


K 

rently  still  in  the  ecliptic,  the  planets  would  simply  appear  to 
oscillate  backwards  and  forwards  from  A  to  D,  alternately  passing 
before  and  behind  the  sun ;  and,  if  the  eye  happened  to  lie  exactly 
in  the  plane  of  the  orbit,  transiting  his  disc  in  the  former  case,  and 
being  covered  by  it  in  the  latter.  But  as  the  sun  is  not  so  sta- 
tionary, but  apparently  cartied  along  the  ecliptic  P  Q,  let  it  be 

18 
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supposed  to  move  over  the  spaces  S  T,  T  U,  U  V,  while  the  planet 
in  each  case  executes  one  quarter  of  its  period.  Then  will  its  orbit 
be  apparently  carried  along  with  the  sun,  into  the  successive  posi- 
tions represented  in  the  figure  ^  and  while  its  real  motion  round 
the  sun  brings  it  into  the  respective  points,  B,  D,  S,  A,  its  appa- 
rent movement  in  the  heavens  will  seem  to  have  been  along  the 
wavy  or  zigzag  line  A  N  H  K.  In  this,  its  motion  in  longitude 
will  have  been  direct  in  the  parts  A  N,  N  H,  and  retrograde  in  the 
parts  H  n  K ;  while  at  the  turns  of  the  zigzag,  as  at  H,  it  will  have 
been  stationary. 

(469.)  The  only  two  planets — Mercury  and  Venus — ^whose  evt)- 
lutions  are  such  as  above  described,  are  called  inferior  planets; 
their  points  of  farthest  recess  from  the  sun  are  called  (as  above) 
their  greatest  eastern  and  western  elongations  ;  and  their  points  of 
nearest  approach  to  it,  their  inferior  and  superior  conjunctions, — 
the  former  when  the  planet  passes  between  the  earth  and  the  sun, 
the  latter  when  behind  the  sun. 

(470.)  In  art.  467,  we  have  traced  the  apparent  path  of  an  in- 
ferior planet,  by  considering  its  orbit  in  section,  or  as  viewed  from 
a  point  in  the  plane  of  the  ecliptic.  Let  us  now  contemplate  it  in 
plaUy  or  as  viewed  from  a  station  above  that  plane,  and  projected 
on  it.  Suppose  then,  S  to  represent  the  sun,  a  6  c  d  the  orbit  of 
p.  Mercury,  and  A  B  C  D  a  part  of  that  of  the 

earth — ^the  direction  of  the  circulation  being 
the  same  in  both,  viz.,  that  of  the  arrow. 
When  the  planet  stands  at  a,  let  the  earth 
be  situated  at  A,  in  the  direction  of  a  tan- 
gent, a  A,  to  its  orbit ;  then  it  is  evident  that 
it  will  appear  at  its  greatest  elongation  from 
the  sun, — ^the  angle  a  A  S,  which  measures 
their  apparent  interval  as  seen  from  A, 
being  then  greater  than  in  any  other  situation  of  a  upon  its  own 
circle. 

(471.)  Now,  this  angle  being  known  by  observation,  we  are 
hereby  furnished  with  a  ready  means  of  ascertaining,  at  least  ap- 
proximately, the  distance  of  the  planet  from  the  sun,  or  the  radius 
of  its  orbit,  supposed  a  circle.  For  the  triangle  S  A  a  is  right- 
angled  at  a,  and  consequently  we  have  S  a  :  S  A  :  :  sin.  S  A  a  : 
radius,  by  which  proportion  the  radii  S  a,  S  A  of  the  two  orbits 
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are  directly  compared.  If  the  orbits  were  both  exact  circles,  this 
would  of  course  be  a  perfectly  rigorous  mode  of  proceeding :  but 
(as  is  proved  by  the  inequality  of  tt^e  resulting  values  of  S  a  ob- 
tained  at  different  times)  this  is  not  the  case ;  and  it  becomes 
necessary  to  admit  an  excentricity  of  position,  and  a  deviation  from 
the  exact  circular  form  in  both  orbits,  to  account  for  this  difference. 
Neglecting,  however,  at  present  this  inequality,  a  mean  or  average 
value  of  S  a  may,  at  least,  be  obtained  from  the  frequent  repetition 
of  this  process  in  all  varieties  of  situation  of  the  two  bodies.  The 
calculations  being  performed,  it  is  concluded  that  the  mean  dis- 
tance of  Mercury  from  the  sun  is  about  36000000  miles ;  and  that 
of  Venus,  similarly  derived,  about  68000000;  the  radius  of  the 
earth's  orbit  being  95000000. 

(472.)  The  sidereal  periods  of  the  planets  may  be  obtained  (as 
before  observed),  with  a  considerable  approach  to  accuracy,  by 
observing  their  passages  through  the  nodes  of  their  orbits;  and 
indeed,  when  a  certain  very  minute  motion  of  these  nodes  and  the 
apsides  of  their  orbits  (similar  to  that  of  the  moon's  nodes  and 
apsides,  but  incomparably  slower)  is  allowed  for,  with  a  precision 
only  limited  by  the  imperfection  of  the  appropriate  observations. 
By  such  observation,  so  corrected,  it  appears  that  the  sidereal 
period  of  Mercury  is  87*  23**  15"  43-9* ;  and  that  of  Venus, 
224*  16**  49"  8»0*.  These  periods,  however,  are  widely  different 
from  the  intervals  at  which  the  successive  appearances  of  the  two 
planets  at  their  eastern  and  western  elongations  from  the  sun  are 
observed  to  happen.  Mercury  is  seen  at  its  greatest  splendour  as 
an  evening  star,  at  average  intervals  of  about  116,  and  Venus  at 
intervals  of  about  584  days.  The  difference  between  the  sidereal 
and  synodical  revolutions  (art.  418,)  accounts  for  this.  Referring 
again  to  the  figure  of  art.  470,  if  the  earth  stood  still  at  A,  while 
the  planet  advanced  in  its  orbit,  the  lapse  of  a  sidereal  period, 
which  should  bring  it  round  again  to  a,  would  also  produce  a 
similar  elongation  from  the  sun.  But,  meanwhile,  the  earth  has 
advanced  in  its  orbit  in  the  same  direction  towards  E,  and  there- 
fore the  next  greatest  elongation  on  the  same  side  of  the  sun  will 
happen — not  in  the  position  a  A  of  the  two  bodies,  but  in  some 
more  advanced  position,  e  E.  The  determination  of  this  position 
depends  on  a  calculation  exactly  similar  to  what  has  been  explain- 
ed in  the  article  referred  to ;  and  we  need,  therefore,  only  here 
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state  the  resulting  synodical  revolutions  of  the  two  planets,  which 
come  out  respectively  115-877*,  and  583.920*. 

(473.)  In  this  interval,  the  planet  will  have  described  a  whole 
revolution  plus  the  arc  ace,  and  the  earth  only  the  arc  A  C  E  of 
its  orbit.  During  its  lapse,  the  inferior  conjunction  will  happen 
when  the  earth  has  a  certain  intermediate  situation,  B,  and  the 
planet  has  reached  (,  a  point  between  the  sun  and  earth.  The 
greatest  elongation  on  the  opposite  side  of  the  sun  will  happen 
when  the  earth  has  come  to  C,  and  the  planet  to  c,  where  the  line 
of  junction  C  c  is  a  tangent  to  the  interior  circle  on  the  opposite 
side  from  M.  Lastly,  the  superior  conjunction  will  happen  when 
the  earth  arrives  at  D,  and  the  planet  at  d  in  the  same  Hne  prolong- 
ed on  the  other  side  of  the  sun.  The  intervals  a^  which  these 
phenomena  happen  may  easily  be  computed  from  a  knowledge  of 
the  synodical  periods  and  the  radii  of  the  orbits. 

(474.)  The  circumferences  of  circles  are  in  the  proportion  of 
their  radii.  If,  then,  we  calculate  the  circumferences  of  the  orbits 
of  Mercury  and  Venus,  and  the  earth,  and  compare  them  with  the 
times  in  which  their  revolutions  are  performed,  we  shall  find  that 
the  actual  velocities  with  which  they  move  in  their  orbits  differ 
greatly ;  that  <^  Mercury  being  about  109360  miles  per  hour,  of 
Venus  80000,  and  of  the  earth  68040.  From  this  it  follows,  that 
at  the  inferior  conjunction,  or  at  6,  either  planet  is  moving  in  the 
same  direction  as  the  earth,  but  with  a  greater  velocity ;  it  will, 
therefore,  leave  the  earth  behind  it ;  and  the  apparent  motion  of  the 
planet  viewed  from  the  earth,  will  be  as  if  the  planet  stood  still, 
and  the  earth  moved  in  a  contrary  direction  from  what  it  really 
does.  In  this  situation,  then,  the  apparent  motion  of  the  planet 
must  be  contrary  to  the  apparent  motion  of  the  sun ;  and,  there- 
fore, retrograde.  On  the  other  hand,  at  the  superior  conjunction, 
the  real  motion  of  the  planet  being  in  the  opposite  direction  to  that 
of  the  earth,  the  relative  motion  will  be  the  same  as  if  the  planet 
stood  still,  and  the  earth  advanced  vvith  their  united  velocities  in 
its  own  proper  direction.  In  this  situation,  then,  the  apparent 
motion  will  be  direct.  Both  these  results  are  in  accordance  with 
observed  fact. 

(475.)  The  stationary  points  may  be  determined  by  the  follow- 
ing consideration.  At  a  or  c,  the  points  of  greatest  elongation,  the 
motion  of  the  planet  is  directly  to  or  from  the  earth,  or  along  their 
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line  of  junction,  while  that  of  the  earth  is  nearly  perpendicular  to 
to  it.  Here,  then,  the  apparent  motion  must  be  direct.  At  6,  the 
inferior  conjunction,  we  have  seen  that  it  must  be  retrograde, 
owing  to  the  planet's  motion  (which  is  there,  as  well  as  the  earth's, 
perpendicular  to  the  line  of  junction)  surpassing  the  earth's.  Hence, 
the  stationary  points  ought  to  lie,  as  it  is  found  by  observation 
fhey  do,  between  a  and  6,  or  c  and  6,  viz.,  in  such  a  position  that 
the  obliquity  of  the  planet's  motion  with  respect  to  the  line  of 
junction  shall  just  compensate  for  the  excess  of  its  velocity,  and 
cause  an  equal  advance  of  each  extremity  of  that  line,  by  the 
motion  of  the  planet  at  one  end,  and  of  the  earth  at  the  other :  so 
that,  for  an  instant  of  time,  the  whole  line  shall  move  parallel  to 
itself.  The  question  thus  proposed  is  purely  geometrical,  and  its 
solution  on  the  supposition  of  circular  orbits  is  easy.  Let  E  e  and 
P  p  represent  small  arcs  of  the  orbits  of  the  earth  and  planet 


described  contemporaneously,  at  the  moment  when  the  latter 
appears  stationary,  about  S,  the  sun.  Produce  p  P  and  e  E, 
tangents  at  P  and  E,  to  meet  at  R,  and  prolong  E  P  backwards 
to  Q,  jSin  e  p.  Then  since  PE^pe  are  parallel  we  have  by 
similar  triangles  Pj7:£6::PR:RE,  and  since  putting  t;  and  V 
for  the  respective  velocities  of  the  planet  and  the  earth,  P  p  :  Ee  : : 
»  :  V ;  therefore 

t? :  V  : :  P  R  :  R  E  : :  sin.  P  E  R  :  sin.  E  P  R 

: :  COS.  SEP  :  cos.  S  P  Q 
: :  COS.  SEP:  cos.  (S  E  P+E  S  P) 
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because  the  angles  S  E  R  and  S  P  R  are  right  angles.  Moreover, 
if  r  and  R  be  the  radii  of  the  respective  orbits,  we  have  also 

V  :R::sin.  SEP:  sin.  (SEP+ESP) 

from  which  two  relations  it  is  easy  to  deduce  the  values  of  the  two 
angles  SEP  and  ESP;  the  former  of  which  is  the  apparent 
elongation  of  the  planet  from  the  sun,*  the  latter  the  difference  of 
heliocentric  longitudes  of  the  earth  and  planet. 

(476.)  When  we  regard  the  orbits  as  other  than  circles  (which 
they  really  are),  the  problem  becomes  somewhat  complex — ^too 
much  so  to  be  here  entered  upon.  It  will  suffice  to  state  the  results 
which  experience  verifies,  and  which  assigns  the  stationary  points 
of  Mercury  at  from  15^  to  20^  of  elongation  from  the  sun,  accord- 
ing to  circumstances;  and  of  Venus,  at  an  elongation  never 
varying  much  from'  29^.  The  former  continues  to  retrograde 
during  about  22  days ;  the  latter,  about  42. 

(477.)  We  have  said  that  some  of  the  planets  exhibit  phases 
like  the  moon.  This  is  the  case  with  both  Mercury  and  Venus  ; 
and  is  readily  explained  by  a  consideration  of  their  orbits,  such  as 
we  have  above  supposed  them.  In  fact,  it  requires  little  more  than 
mere  inspection  of  the  figure  annexed,  to  show,  that  to  a  spectator 

situated  on  the  earth  £,  an 
inferior  planet,  illuminated  by 
the  sun,  and  therefore  bright 
on  the  side  next  to  him,  and 
dark  on  that  turned  fi*om  him, 
will  appear/u//  at  the  superior 
conjunction  A ;  gibbous  (t.  e. 
more  than  half  full,  like  the 
^o  moon  between  the  first  and 

second  quarter)  between  that  point  and  the  points  B  C  of  its 
greatest  elongation;  half-mooned  at  these  points;  and  crescent- 
shaped,  or  homed,  between  these  and  the  inferior  conjunction  D. 
As  it  approaches  this  point,  the  crescent  ought  to  thin  off  till  it 
vanishes  altogether,  rendering  the  planet  invisible,  unless  in  those 
cases  where  it  transits  the  sun's  disc,  and  appears  on  it  as  a  black 

R  V 

*  If_s=:iii  and  — =n,  8  EP=4»,E  8  Psr  J,,  the  equations  to  be  resolved  are 
«n  (^+4)  =  m  nru  f,  and  cos,  (^+4)=  n  tos,  41,  which  give  cos*  4.  = — qr — < 
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spot.    All  these  phenomena  are  exactly  conformable  to  observa- 
tion. 

(478.)  The  Tariation  in  brightness  of  Venus  in  different  parts 
of  its  apparent  orbit  is  very  remarkable.  This  arises  from  two 
causes :  1st,  the  varying  proportion  of  its  visible  illuminated  area 
to  its  whole  disc ;  and,  2dly,  the  varying  angular  diameter,  or 
whole  apparent  magnitude  of  the  disc  itself.  As  it  approaches  its 
inferior  conjunction  from  its  greater  elongation,  the  half-moon 
becomes  a  crescent,  which  thins  off;  but  this  is  more  than  com- 
pensated, for  Some  time,  by  the  increasing  apparent  magnitude,  in 
consequence  of  its  diminishing  distance.  Thus  the  total  light 
received  from  it  goes  on  increasing,  till  at  length  it  attains  a 
maximum,  which  takes  place  when  the  planet's  elongation  is 
about  40°. 

(479.)  The  transits  of  Venus  are  of  very  rare  occurrence,  taking 
place  alternately  at  the  very  unequal  but  regularly  recurring 
intervals  of  8, 122,  8,  105,  8,  122,  lie.,  years  in  succession,  and 
always  in  June  or  December.  As  astronomical  phenomena,  they 
are  extremely  important;  since  they  afford  the  best  and  most 
exact  means  we  possess  of  ascertaining  the  sun's  distance,  or  its 
parallax.  Without  going  into  the  niceties  of  calculation  of  this 
problem,  which,  owing  to  the  great  multitude  of  circumstances  to 
be  attended  to,  are  extremely  intricate,  we  shall  here  explain  its 
principle,  which,  in  the  abstract,  is  Tery  simple  and  obvious.  Let 
E  be  the  earth,  V  Venus,  and  S  the  sun,  and  C  D  the  portion  of 
Venus's  relative  orbit  which  she  describes  while  in  the  act  of 
transiting  the  sun's  disc.  Suppose  A  B  two  spectators  at  opposite 
extremities  of  that  diameter  of  the  earth  which  is  perpendicular  to 
the  ecliptic,  and,  to  avoid  complicating  the  case,  let  us  lay  out  of 

Fig.  68. 


consideration  the  earth's  rotation,  and  suppose  A,  B,  to  retain  that 
situation  during  the  whole  time  of  the  transit.  Then,  at  any 
moment  when  the  spectator  at  A  sees  the  centre  of  Venus  pro- 
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jected  at  a  od  the  sun's  disc,  he  at  B  will  see  it  projected  at  6.  If 
then  one  or  other  spectator  could  suddenly  transport  himself  from 
A  to  B,  he  would  see  Venus  suddenly  displaced  on  the  disc  from 
a  to  fr ;  and  if  he  had  any  means  of  noting  accurately  the  place  of 
the  points  on  the  disc,  either  by  micrometrical  measures  from  its 
edge,  or  by  other  means,  he  might  ascertain  the  angular  measure 
of  a  6  as  seen  from  the  earth.  Now,  since  A  V  a,  B  V  fr,  are 
straight  lines,  and  therefore  make  equal  angles  on  each  side  V,  a& 
will  be  to  A  B  as  the  distance  of  Venus  from  the  sun  is  to  its 
distance  from  the  earth,  or  as  68  to  27,  or  nearly  as  2^  to  1 ;  ab 
therefore  occupies  on  the  sun's  disc  a  space  2^  times  as  great  as 
the  earth's  diameter ;  and  its  angular  measure  is  therefore  equal  to 
about  2^  times  the  earth's  apparent  diameter  at  the  distance  of  the 
sun,  or  (which  is  the  same  thing)  to  five  times  the  sun's  horizontal 
parallax  (art.  298).  Any  error,  therefore,  which  may  be  com- 
mitted in  measuring  a  6,  will  entail  only  one-Jiflh  of  that  error  oq 
the  horizontal  parallax  conckded  from  it. 

(480.)  The  thing  to  be  ascertained,  therefore,  is,  in  fact,  neither 
more  nor  less  than  the  breadth  of  the  zone  P  Q  R  S,  j9  g  r  s,  in- 
cluded between  the  extreme  apparent  paths  of  the  centre  of  Venus 
across  the  sun's  disc,  from  its  entry  on  one  side  to  its  quitting  it 
on  the  other.  The  whole  business  of  the  observers  at  A,  B, 
therefore,  resolves  itself  into  this ; — to  ascertain,  with  all  possible 
care  and  precision,  each  at  his  own  station,  this  path, — ^where  it 
enters,  where  it  quits,  and  what  segment  of  the  sun's  disc  it  cuts 
off.  Now,  one  of  the  most  exact  ways  in  which  (conjoined  with 
careful  micrometric  measures)  this  can  be  done,  is  by  noting  the 
time  occupied  in  the  whole  transit :  for  the  relative  angular  motion 
of  Venus  being,  in  fact,  very  precisely  known  from  the  tables  of 
her  motion,  and  the  apparent  path  being  very  nearly  a  straight 
line,  these  times  give  us  a  measure  {on  a  very  enlarged  scale)  of 
the  lengths  of  the  chords  of  the  segments  cut  off;  and  the  sun's 
diameter  being  known  also  with  great  precision,  their  versed 
sines,  and  therefore  their  difference,  or  the  breadth  of  the  zone 
required,  becomes  known.  To  obtain  these  times  correctly,  each 
observer  must  ascertain  the  instants  of  ingress  and  egress  of  the 
centre.  To  do  this,  he  must  note,  1st,  the  instant  when  the  first 
visible  impression  or  notch  on  the  edge  of  the  disc  at  P  is  pro- 
duced, or  the^^^  external  contact;  2dly,  when  the  planet  is  just 


BUPBBIOR  PLANBTS.  281 

wholly  immersed,  and  the  broken  edge  of  the  disc  just  closes  again 
at  Qf  or  the  first  internal  contact;  and,  lastly,  he  must  make  the 
same  observations  at  the  egress  at  R,  S.  The  mean  of  the  internal 
and  external  contacts,  corrected  for  the  curvature  of  the  sun's 
limb  in  the  intervals  of  the  respective  points  of  contact,  internal 
and  external,  gives  the  entry  and  egress  of  the  planet's  centre. 

(481.)  The  modifications  introduced  into  this  process  by  the 
earth's  rotation  on  its  axis,  and  by  other  geographical  stations  of 
the  observers  thereon  than  here  supposed,  are  similar  in  their 
principles  to  those  which  enter  into  the  calculation  of  a  solar 
eclipse,  or  the  occultation  of  a  star  by  the  moon,  only  more  refined. 
Any  consideration  of  them,  however,  here,  would  lead  us  too  far; 
but  in  the  view  we  have  taken  of  the  subject,  it  affords  an  admira- 
ble example  of  the  way  in  which  minute  elements  in  astronomy 
may  become  magnified  in  their  effects,  and,  by  being  made  subject 
to  measurement  on  a  greatly  enlarged  scale,  or  by  substituting  the 
measure  of  time  for  space,  may  be  ascertained  with  a  degree  of 
percision  adequate  to  every  purpose,  by  only  watching  favourable 
opportunities,  and  taking  advantage  of  nicely  adjusted  combina- 
tions of  circumstance.  So  important  has  this  observation  appeared 
to  astronomers,  that  at  the  last  transit  of  Venus,  in  1769,  expedi- 
tions  were  fitted  out,  on  the  most  efficient  scale,  by  the  British, 
French,  Russian,  and  other,  governments,  to  the  remotest  comers 
of  the  globe,  for  the  express  purpose  of  performing  it.  The  cele- 
brated expedition  of  Captain  Cook  to  Otaheite  was  one  of  them. 
The  general  result  of  all  the  observations  made  on  this  most 
memorable  occasion  gives  8"5776  for  the  sun's  horizontal  parallax. 
The  two  next  occurrences  of  this  phenomenon  will  happen  on 
Dec.  8,  1874,  and  Dec.  6,  1882. 

(482.)  The  orbit  of  Mercury  is  very  elliptical,  the  excentricity 
being  nearly  one  fourth  of  the  mean  distance.  This  appears  from 
the  inequality  of  the  greatest  elongations  from  the  sun,  as  observed 
at  different  times,  and  which  vary  between  the  limits  16^  12'  and 
28°  48',  and,  from  exact  measures  of  such  elongations,  it  is  not 
difficult  to  show  that  the  orbit  of  Venus  also  is  slightly  excentric, 
and  that  both  these  planets,  in  fact,  describe  ellipses,  having  the 
sun  in  their  common  focus. 

(483.)  Transits  of  Mercury  over  the  sun's  disc  occasionally 
occur,  as  in  the  case  of  Venus,  but  more  frequently ;  those  at 
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the  ascending  node  in  November,  at  the  descending  in  May.  The 
intervals  ^considering  each  node  separately)  are  usually  either  13 
or  7  years,  and  in  the  order  13,  13,  13,  7,  &c. ;  but  owing  to  the 
considerable  inclination  of  the  orbit  of  Mercury  to  the  ecliptic, 
this  cannot  be  taken  as  an  exact  expression  of  the  said  recurrence, 
and  it  requires  a  period  of  at  least  217  years  to  bring  round  the 
transits  in  regular  order.  One  will  occur  in  the  present  year  (1848), 
the  next  in  1861.  They  are  of  much  less  astronomical  importance 
than  that  of  Venus,  on  account  of  the  proximity  of  Mercury  to  the 
sun,  which  affords  a  much  less  favourable  combination  for  the 
determination  of  the  sun's  parallax. 

(484.)  Let  us  now  consider  the  superior  planets,  or  those  whoite 
orbits  enclose  on  all  sides  that  of  the  earth.  That  they  do  so  is 
proved  by  several  circumstances : — 1st,  They  are  not,  like  the 
inferior  planets,  confined  to  certain  limits  of  elongation  from  the 
sun,  but  appear  at  all  distances  from  it,  even  in  the  opposite  quar- 
ter of  the  heavens,  or,  as  it  is  called,  in  opposition;  which  could 
not  happen,  did  not  the  earth  at  such  times  place  itself  between 
them  and  the  sun :  2dly,  They  never  appear  horned,  like  Venus 
or  Mercury,  nor  even  semilunar.  Those,  on  the  contrary,  which, 
from  the  minuteness  of  their  parallax,  we  conclude  to  be  the  most 
distant  from  us,  viz.  Jupiter,  Saturn,  Uranus,  and  Neptune,  never 
appear  otherwise  than  round ;  a  sufficient  proof,  of  itself,  that  we 
Fig.  69.  ^^  Hitrn  always  in  a  direction  not  very  remote  from 
that  in  which  the  sun's  rays  illuminate  them  ;  and 
that,  therefore,  we  occupy  a  station  which  is  never 
very  widely  removed  from  the  centre  of  their  orbits, 
f^  or,  in  other  words,  that  the  earth's  orbit  is  entirely 
enclosed  within  theirs,  and  of  comparatively  small 
diameter.  One  only  of  them.  Mars,  exhibits  any  per- 
ceptible phase^  and  in  its  deficiency  from  a  circular 
outline,  never  surpasses  a  moderately  gibbous  ap- 
pearance,— the  enlightened  portion  of  the  disc  be- 
ing never  less  than  seven-eighths  of  the  whole.  To 
understand  this,  we  need  only  cast  our  eyes  on  the 
annexed  figure,  in  which  £  is  the  earth,  at  its  appa- 
M  rent  greatest  elongation  from  the  sun  S,  as  seen 

from  Mars,  M.  In  this  position,  the  angle  S  M  E,  included  between 
the  lines  S  M  and  E  M,  is  at  its  maximum ;  and  therefore,  in 
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this  state  of  things,  a  spectator  on  the  earth  is  enabled  to  see  a 
greater  portion  of  the  dark  hemisphere  of  Mars  than  in  any  other 
situation.  The  extent  of  the  phase,  then,  or  greatest  observable 
degree  of  gibbosity,  affords  a  measure — a  sure,  although  a  coarse 
and  rude  one — of  the  angle  S  M  E,  and  therefore  of  the  propor- 
tion of  the  distance  S  M,  of  Mars,  to  S  E,  that  of  the  earth  from 
the  sun,  by  \7hich  it  appears  that  the  diameter  of  the  orbit  of  Mars 
cannot  be  less  than  1}  times  that  of  the  earth's.  The  phases  of 
Jupiter,  Saturn,  Uranus,  and  Neptune,  being  imperceptible,  it  fol- 
lows that  their  orbits  must  include  not  only  that  of  the  earth,  but 
of  Mars  also. 

(485.)  All  the  superior  planets  are  retrograde  in  their  apparent 
motions  when  in  opposition^  and  for  some  time  before  and  after ; 
but  they  differ  greatly  from  each  other,  both  in  the  extent  of  their 
arc  of  retrogradation,  in  the  duration  of  their  retrograde  move- 
ment, and  in  its  rapidity  when  swiftest.  It  is  more  extensive  and 
rapid  in  the  case  of  Mars  than  of  Jupiter,  of  Jupiter  than  of  Saturn, 
of  that  planet  than  of  Uranus,  and  of  Uranus  again  than  Neptune. 
The  singular  velocity  with  which  a  planet  appears  to  retrograde  is 
easily  ascertained  by  observing  its  apparent  place  in  the  heavens 
from  day  to  day ;  and  from  such  observations,  made  about  the 
time  of  opposition,  it  is  easy  to  conclude  the  relative  magnitudes 
of  their  orbits,  as  compared  with  the  earth^s,  supposing  their  peri- 
odical times  known.  For,  from  these,  their  mean  angular  veloci- 
ties are  known  also,  being  inversely  as  the  times.  Suppose,  then, 
E  6  to  be  a  very  small  portion  Pi^  jq^ 

of  the  earth's  orbit,  and  M  m 
a  corresponding  portion  of 
that  of  a  superior  planet,  de- 
scribed on  the  day  of  opposition,  about  the  sun  S,  on  which  day 
the  three  bodies  lie  in  one  straight  line  S  E  M  X.  Then  the  an- 
gles E  S  6  and  M  S  m  are  given.  Now,  if  «  m  be  joined  and  pro- 
longed to  meet  SM  continued  in  X,  the  angle  eXE,  which  is 
equal  to  the  alternate  angle  X  e  Y,  is  evidently  the  retrogradation 
of  Mars  on  that  day,  and  is,  therefore,  also  given.  E  e,  therefore, 
and  the  angle  EXe,  being  given  in  the  right-angled  triangle 
E  e  X,  the  side  E  X  is  easily  calculated,  and  thus  S  X  becomes 
known. .   Consequently,  in  the  triangle  S  m  X,  we  have  given  the 
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side  S  X  and  the  two  angles  m  S  X,  and  m  X  S,  whence  the  other 
sides,  S  m,  m  X,  are  easily  determined.  Now,  S  m  is  no  other 
than  the  radius  of  the  orbit  of  the  superior  planet  required,  which 
in  this  calculation  is  supposed  circular,  as  well  as  that  of  the  earth ; 
a  supposition  not  exact,  but  sufficiently  so  to  afibrd  a  satisfactory 
approximation  to  the  dimensions  of  its  orbit,  and  which,  if  the 
process  be  oAen  repeated,  in  every  variety  of  situation  at  which 
the  opposition  can  occur,  will  ultimately  afford  an  average  or  mean 
value  of  its  diameter  fully  to  be  depended  upon. 

(486.)  To  apply  this  principle,  however,  to  practice,  it  is  neces- 
sary to  know  the  periodic  times  of  the  several  planets.  These 
may  be  obtained  directly,  as  has  been  already  stated,  by  observing 
the  intervals  of  their  passages  through  the  ecliptic  •  but,  owing  to 
the  very  small  inclination  of  the  orbits  of  some  of  them  to  its 
plane,  they  cross  it  so  obliquely  that  the  precise  moment  of  their 
arrival  on  it  is  not  ascertainable,  unless  by  very  nice  observations. 
A  better  method  consists  in  determining,  from  the  obsen-ations  of 
several  successive  days,  the  exact  moments  of  their  arriving  in 
opposition  with  the  sun,  the  criterion  of  which  is  a  difierei^ce  of 
longitudes  between  the  sun  and  planet  of  exactly  180^.  The  in- 
terval between  successive  oppositions  thus  obtained  is  nearly  one 
synodical  period ;  and  would  be  exactly  so,  were  the  planet's  orbit 
and  that  of  the  earth  both  circles,  and  uniformly  described  ;  but 
as  that  is  found  not  to  be  the  case  (and  the  criterion  is,  the  ine" 
quality  of  successive  synodical  revolutions  so  observed),  the  ave- 
rage of  a  great  number,  taken  in  all  varieties  of  situation  in  which 
the  oppositions  occur,  will  be  freed  from  the  elliptic  inequality, 
and  may  be  taken  as  a  mean  synodical  period.  From  this,  by  the 
considerations  and  by  the  process  of  calculation,  indicated  (art. 
418,)  the  sidereal  periods  are  readily  obtained.  The  accuracy  of 
this  determination  will,  of  course,  be  greatly  increased  by  embrac- 
ing a  long  interval  between  the  extreme  observations  employed. 
In  point  of  fact,  that  interval  extends  to  neariy  2000  years  in  the 
cases  of  the  planets  known  to  the  ancients,  who  have  recorded 
their  observations  of  them  in  a  manner  sufficiently  careful  to  be 
made  use  of.  Their  periods  may,  therefore,  be  regarded  as  ascer- 
tained with  the  utmost  exactness.  Their  numerical  values  will  be 
found  stated,  as  well  as  the  mean  distances,  and  all  the  other  ele- 
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ments  of  the  planetary  orbits,  in  the  synoptic  table  at  the  end  of 
the  volume,  to  which  (to  avoid  repetition)  the  reader  is  once  for 
all  referred. 

(487.)  In  casting  our  eyes  down  the  list  of  the  planetary  dis- 
tances, and  comparing  them  with  the  periodic  times,  we  cannot 
but  be  struck  with  a  certain  correspondence.    The  greater  the 
distance,  or  the  larger  the  orbit,  evidently  the  longer  the  period. 
The  order  of  the  planets,  beginning  from  the  sun,  is  the  same, 
whether  we  arrange  them  according  to  their  distances,  or  to  the 
time  they  occupy  in  completing  their  revolutions  ;  and  is  as  fol- 
lows : — Mercury,  Venus,  £arth,  Mars,— the  ultra-zodiacal  planets, 
or,  as  they  are  sometimes  also  called.  Asteroids, — Jupiter,  Saturn, 
Uranus,  and  Neptune.     Nevertheless,  when  we  come  to  examine 
the  numbers  expressing  them,  we  find  that  the  relation  between 
the  two  series  is  not  that  of  simple  proportional  increase.     The 
periods  increase  more  than  in  proportion  to  the  distances.    Thus, 
the  period  of  Mercury  is  about  88  days,  and  that  of  the  earth  365 
—being  in  proportion  as  1  to  4*15,  while  their  distances  are  in  the 
less  proportion  of  1  to  2*56 ;  and  a  similar  remark  holds  good  in 
every  instance.     Still,  the  ratio  of  increase  of  the  times  is  not  so 
rapid  as  that  of  the  squares  of  the  distances.    The  square  of  2-56 
is  6-5536,  which  is  considerably  greater  than  4*15.     An  interme- 
diate rate  of  increase,  between  the  simple  proportion  of  the  dis- 
tances and  that  of  their  squares  is  therefore  clearly  pointed  out  by 
the  sequence  of  the  numbers ;  but  it  required  no  ordinary  pene- 
tration in  the  illustrious  Kepler,  backed  by  uncommon  persever- 
ance and  industry,  at  a  period  when  the  data  themselves  were 
involved  in  obscurity,  and  when  the  processes  of  trigonometry 
and  of  numerical  calculation  were  encumbered  with  difficulties,  of 
which  the  more  recent  invention  of  logarithmic  tables  has  happily 
left  us  no  conception,  to  perceive  and  demonstrate  the  real  law  of 
their  connection.    This  connection  is  expressed  in  the  following 
proposition : — <<  The  squares  of  the  periodic  times  of  any  two 
planets  are  to  each  other,  in  the  same  proportion  as  the  cubes  of 
their  mean  distances  from  the  sun."    Take,  for  example,  the 
Earth  and  Mars,*  whose  periods  are  in  the  proportion  of  3652564 

*  The  exprearion  of  this  law  of  Kepler  requires  a  slight  modification  when  we 
come  to  the  extreme  nicety  of  numerical  calculation,  for  the  greater  planets,  due  to 
the  influence  of  their  masses.  This  correction  is  imperceptible  for  Uie  Earth  and 
Mars. 
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to  6869796,  and  whose  distance  from  the  sun  is  that  of  100000 
to  152369 ;  and  it  mil  be  found,  by  any  one  who  will  take  the 
trouble  to  go  through  the  calculation,  that — 

(3652564)* :  (6869796)* : :  (100000)^ :  (152369)'. 

(488.)  Of  all  the  laws  to  which  induction  from  pure  obsenra- 
tion  has  ever  conducted  man,  this  third  law  (as  it  is  called)  of 
Kepler  may  justly  be  regarded  as  the  most  remarkable,  and  the 
most  pregnant  with  important  consequences.  When  we  contem- 
plate the  constituents  of  the  planetary  system  from  the  point  of 
view  which  this  relation  affords  us,  it  is  no  longer  mere  analogy 
which  strikes  us — no  longer  a  general  resemblance  among  them, 
as  individuals  independent  of  each  other,  and  circulating  about 
the  sun,  each  according  to  its  own  peculiar  nature,  and  connected 
with  it  by  its  own  peculiar  tie.  The  resemblance  is  now  perceived 
to  be  a  true  family  likeness ;  they  are  bound  up  in  one  chain— 
interwoven  in  one  web  of  mutual  relation  and  harmonious  agree- 
ment— subjected  to  one  pervading  influence,  which  extends  from 
the  centre  to  the  farthest  limits  of  that  great  system,  of  which  all 
of  them,  the  earth  included,  must  henceforth  be  regarded  as 
members. 

(489.)  The  laws  of  elliptic  motion  about  the  sun  as  a  focus,  and 
of  the  equable  description  of  areas  by  lines  joining  the  sun  and 
planets,  were  originally  established  by  Kepler,  from  a  considera- 
tion of  the  observed  motions  of  Mars ;  and  were  by  him  extended, 
analogically,  to  all  the  other  planets.  However  precarious  such 
an  extension  might  then  have  appeared,  modem  astronomy  has 
completely  verified  it  as  a  matter  of  fact,  by  the  general  coinci- 
dence of  its  results  with  entire  series  of  observations  of  the  appa- 
rent places  of  the  planets.  These  are  found  to  accord  satisfactorily 
with  the  assumption  of  a  particular  ellipse  for  each  planet,  whose 
magnitude,  degree  of  excentricity,  and  situation  in  space,  are  nu- 
merically assigned  in  the  synoptic  table  before  referred  to.  It  is 
true,  that  when  observations  are  carried  to  a  high  degree  of  pre- 
cision, and  when  each  planet  is  traced  through  many  successive 
revolutions,  and  its  history  carried  back,  by  the  aid  of  calculations 
founded  on  these  data,  for  many  centuries,  we  learn  to  regard  the 
laws  of  Kepler  as  only  first  approxinuxtions  to  the  much  more 
complicated  ones  which  actually  prevail;  and  that  to  bring  remote 
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observations  into  rigorous  and  mathematical  accordance  with  each 
otber^  and  at  the  same  time  to  retain  the  extremely  convenient 
nomenclature  and  relations  of  the  elliptic  system,  it  becomes 
necessary  to  modify,  to  a  certain  extent,  our  verbal  expression  of 
the  laws,  and  to  regard  the  numerical  data  or  elliptic  elements  of 
the  planetary  orbits  as  not  absolutely  permanent,  but  subject  to  a 
series  of  extremely  slow  and  almost  imperceptible  changes.  These 
changes  may  be  neglected  when  we  consider  only  a  few  revolu- 
tions ;  but  going  on  from  century  to  century,  and  continually  accu- 
mulating, they  at  length  produce  material  departures  in  the  orbits 
from  their  original  state.  Their  explanation  will  form  the  subject 
of  a  subsequent  chapter ;  but  for  the  present  we  must  lay  them  out 
of  consideration,  as  of  an  order  too  minute  to  aflect  the  general 
conclusions  with  which  we  are  now  concerned.  By  what  means 
astronomers  are  enabled  to  compare  the  results  of  the  elliptic 
theory  with  observation,  and  thus  satisfy  themselves  of  its  accord- 
ance with  nature,  will  be  explained  presently. 

(490.)  It  will  first,  however,  be  proper  to  point  out  what  par- 
ticular theoretical  conclusion  is  involved  in  each  of  the  three  laws 
of  Kepler,  considered  as  satisfactorily  established, — what  indica- 
tion each  of  them,  separately,  affords  of  the  mechanical  forces 
prevalent  in  our  system,  and  the  mode  in  which  its  parts  are  con- 
nected,— and  how,  when  thus  considered,  they  constitute  the  basis 
on  which  the  Newtonian  explanation  of  the  mechanism  of  the 
heavens  is  mainly  supported.  To  begin  with  the  first  law,  that  of 
the  equable  description  of  areas. — Since  the  planets  move  in  curvi- 
linear paths,  they  must  (if  they  be  bodies  obeying  the  laws  of 
dynamics)  be  deflected  from  their  otherwise  natural  rectilinear 
progress  by  force.  And  from  this  law,  taken  as  a  matter  of  ob- 
served fact,  it  follows,  that  the  direction  of  such  force,  at  every 
point  of  the  orbit  of  each  planet,  always  passes  through  the  sun. 
No  matter  from  what  ultimate  cause  the  power  which  is  called 
gravitation  originates, — be  it  a  virtue  lodged  in  the  sun  as  its 
receptacle,  or  be  it  pressure  from  without,  or  the  resultant  of  many 
pressures  or  solicitations  of  unknown  fluids,  magnetic  or  electric 
ethers,  or  impulses, — still,  when  finally  brought  under  our  contem- 
plation, and  summed  up  into  a  single  resultant  energy — its  direp' 
Hon  is,  from  every  point  on  all  sides,  towards  the  sun's  centre. 
As  an  abstract  dynamical  proposition,  the  reader  will  find  it 
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demonstrated  by  Newton,  in  the  first  proposition  of  the  Principia, 
with  an  elementary  simplicity  to  which  we  really  could  add  nothing 
but  obscurity  by  amplification,  that  any  body,  ui^ed  towards  a 
certain  central  point  by  a  force  continually  directed  thereto,  and 
thereby  deflected  into  a  curvilinear  path,  will  describe  about  that 
centre  equal  areas  in  equal  times;  and  vice  ver^d,  that  such  equa- 
ble description  of  areas  is  itself  the  essential  criterion  of  a  con- 
tinual direction  pf  the  acting  force  towards  the  centre  to  which 
this  character  belongs.  The  first  law  of  Kepler,  then,  gives  us  no 
information  as  to  the  nature  or  intensity  df  the  force  urging  the 
planets  to  the  sun ;  the  only  conclusion  it  involves  is,  that  it  does 
so  urge  them.  It  is  a  property  of  orbitual  rotation  under  the  in«- 
fluence  of  central  forces  generally^  and,  as  suoh,  we  daily  see  it 
exemplified  in  a  thousand  familiar  instances.  A  simple  experi- 
mental illustration  of  it  is  to  tie  a  bullet  to  a  thin  string,  and,  hav- 
ing whirled  it  round  with  a  moderate  velocity  in  a  vertical  plane, 
to  draw  the  end  of  the  string  through  a  small  ring,  or  allow  it  to 
coil  itself  round  the  finger,  or  round  a  cylindrical  rod  held  very 
firmly  in  a  horizontal  position.  The  bullet  will  then  approach  the 
centre  of  motion  in  a  spiral  line ;  and  the  increase  not  only  of  its 
angular  but  of  its  linear  velocity,  and  the  rapid  diminution  of  its 
periodic  time  when  near  the  centre,  will  express,  more  clearly  than 
any  words,  the  compensation  by  which  its  uniform  description  of 
areas  is  maintained  under  a  constantly  diminishing  distance.  If 
the  motion  be  reversed,  and  the  thread  allowed  to  uncoil,  begin- 
ning with  a  rapid  impulse,  the  velocity  will  diminish  by  the  same 
degrees  as  it  before  increased.  The  increasing  rapidity  of  a  dan- 
cer's pirouette^  as  be  draws  in  his  limbs  and  straightens  his  whole 
person,  so  as  to  bring  every  part  of  his  frame  as  near  as  possible 
to  the  axis  of  his  motion,  is  another  instance  where  the  connection 
of  the  observed  effect  with  the  central  force  exerted,  though  equally 
real,  is  much  less  obvious. 

(491.)  The  second  law  of  Kepler,  or  that  which  asserts  that -the 
planets  describe  ellipses  about  the  sun  as  their  focus,  involves,  as 
a  consequence,  the  law  of  solar  gravitation  (so  be  it  allowed  to 
call  the  force,  whatever  it  be,  which  urges  them  towards  the  sun) 
as  exerted  on  each  individual  planet,  apart  from  all  connection 
with  the  rest.  A  straight  line,  dynamically  speaking,  is  the  only 
path  which  can  be  pursued  by  a  body  absolutely /ree^  and  under 
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the  actioD  of  no  external  force.  All  deflection  into  a  curve  is  evi^ 
dence  of  the  exertion  of  a  force ;  and  the  greater  the  deflection 
in  equal  tunes,  the  more  intense  the  force.  Deflection  from  a 
straight  line  is  only  another  word  for  curvature  of  path ;  and  as  a 
circle  is  characterized  by  the  uniformity  of  its  curvatures  in  all 
~  its  parts — so  is  every  pther  curve  (as  an  ellipse)  characterized  by 
the  particular  law  which  regulates  the  increase  and  diminution  of 
its  curvature  as  we  advance  along  its  circumference.  The  deflect- 
ing force,  then,  which  continually  bends  a  moving  body  into  a 
curve,  may  be  ascertained,  provided  its  direction,  in  the  first  place, 
and,  secondly,  the  law  of  curvature  of  the  curve  itself,  be  known. 
Both  these  enter  as  elements  into  the  expression  of  the  force.  A 
body  may  describe,  for  instance,  an  ellipse,  under  a  great  variety 
of  dispositions  of  the  acting  forces :  it  may  glide  along  it,  for 
example,  as  a  bead  upon  a  polished  wire,  bent  into  an  elliptic 
form ;  in  which  case  the  acting  force  is  always  perpendicular  to 
the  wire,  and  the  velocity  is  uniform.  In  this  case  {tie  force  is 
directed  to  no  fixed  centre,  and  there  is  no  equable  description  of 
areas  at  all.  Or  it  may  describe  it  as  we  may  see  done,  if  we  sus- 
pend a  ball  by  a  very  long  string,  and,  drawing  it  a  little  aside 
from  the  perpendicular,  throw  it  round  with  a  gentle  impulse.  In 
this  case  the  acting  force  is  directed  to  the  centre  of  the  ellipse, 
about  which  areas  ar;  described  equably,  and  to  which  a  force 
proportional  to  the  distance  (the  decomposed  result  of  terrestrial 
gravity)  perpetually  urges  it.*  This  is  at  once  a  very  easy  experi- 
ment, and  a  very  instructive  one,  and  we  shall  again  refer  to  it. 
In  the  case  before  us,  of  an  ellipse  described  by  the  action  of  a 
force  directed  to  the  focusj  the  steps  of  the  investigation  of  the 
law  of  force  are  these :  1st,  The  law  of  the  areas  determines  the 
actual  velocity  of  the  revolving  body  at  every  point,  or  the  space 
really  run  over  by  it  in  a  given  minute  portion  of  time  ;  2dly,  The 
law  of  curvature  of  the  ellipse  determines  the  linear  amount  of 
deflection  from  the  tangent  in  the  direction  of  the  focuSy  which 
corresponds  to  that  space  so  run  over ;  3dly,  and  lastly.  The  laws 
of  accelerated  motion  declare  that  the  intensity  of  the  acting  force 
causing  such  deflection  in  its  oum  diredionj  is  measured  by  or  pro- 

*  Tf  the  suspended  body  be  a  Teasel  full  of  fine  sand,  having  a  small  hole  at  its 
bottom,  the  elliptic  trace  of  its  orbit  will  be  left  in  a  sand  streak  on  a  table  placed 
below  it  This  neat  illustration  is  due,  to  the  best  of  my  knowledge,  to  Mr.  Bab* 
bage. 

19 
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portional  to  the  amount  of  that  deflection,  and  may  therefore  oe 
calculated  in  any  particular  position,  or  generally  expressed  by 
geometrical  or  algebraic  symbols,  as  a  law  independent  of  par- 
ticular positions,  when  that  deflection  is  so  calculated  or  expressed. 
We  have  here  the  spirit  of  the  process  by  which  Newton  has 
resolved  this  interesting  problem.  For  its  geometrical  detail,  we 
must  refer  to  the  3d  section  of  his  Principia.  We  know  of  no 
artificial  mode  of  imitating  this  species  of  elliptic  motion ;  though 
a  rude  approximation  to  it — enough,  however,  to  give  a  concep- 
tion of  the  alternate  approach  and  recess  of  the  revolving  body  to 
and  from  the  focus^  and  the  variation  of  its  velocity — may  be  had 
by  suspending  a  small  steel  bead  to  a  fine  and  very  long  silk  fibre, 
and  setting  it  to  revolve  in  a  small  orbit  round  the  pole  of  a  pow- 
erful cylindrical  magnet,  held  upright,  and  vertically  under  the 
point  of  suspension. 

(492.)  The  third  law  of  Kepler,  which  connects  the  distances 
and  periods  of  the  planets  by  a  general  rule,  bears  with  it,  as  its 
theoretical  interpretation,  this  important  consequence,  viz.  that  it  is 
one  and  the  same  force,  modified  only  by  distance  from  the  sun, 
which  retains  all  the  planets  in  their  orbits  about  it.  That  the 
attraction  of  the  sun  (if  such  it  be)  is  exerted  upon  all  the  bodies 
of  our  system  indiflerently,  without  regard  to  the  peculiar  materials 
of  which  they  may  consist,  in  the  exact  proportion  of  their  inertise, 
or  quantities  of  matter ;  that  it  is  not,  therefore,  of  the  nature  of 
the  elective  attractions  of  chemistry  or  of  magnetic  action,  which 
is  powerless  on  other  substances  than  iron  and  some  one  or  two 
more,  but  is  of  a  more  universal  character,  and  extends  equally 
to  all  the  material  constituents  of  our  system,  and  (as  we  shall 
hereafter  see  abundant  reason  to  admit)  to  those  of  other  systems 
than  our  own.  This  law,  important  and  general  as  it  is,  resuhs, 
as  the  simplest  of  corollaries,  from  the  relations  established  by 
Newton  in  the  section  of  the  Principia  referred  to  (Prop,  xv.), 
from  which  proposition  it  results,  that  if  the  earth  were  taken  from 
its  actual  orbit,  and  launched  anew  in  space  at  the  place,  in  the 
direction,  and  with  the  velocity  of  any  of  the  other  planets,  it 
would  describe  the  very  same  orbit,  and  in  the  same  period,  which 
that  planet  actually  does,  a  minute  correction  of  the  period  only 
excepted,  arising  from  the  diflerence  between  the  mass  of  the  earth 
and  that  of  the  planet.    Small  as  the  planets  are  compared  to  the 


INTBRPBBTATION  OV  KBPLEE'0  LAWS.  291 

san,  some  of  them  are  not,  as  the  earth  is,  mere  atoms  in  the  com- 
parison. The  strict  wording  of  Kepler's  law,  as  Newton  has 
proved  in  his  fifty-ninth  proposition,  is  applicable  only  to  the  case 
of  planets  whose  proportion  to  the  central  body  is  absolutely  inap* 
preciable.  When  this  is  not  the  case,  the  periodic  time  is  shortened 
in  the  proportion  of  the  square  root  of  the  number  expressing  the 
sun's  mass  or  inertiae,  to  that  of  the  sum  of  the  numbers  express- 
ing the  masses  of  the  sun  and  planet ;  and  in  general,  whatever  be 
the  masses  of  two  bodies  revolving  round  each  other  under  the 
influence  of  the  Newtonian  law  of  gravity,  the  square  of  their 
periodic  time  will  be  expressed  by  a  fraction  whose  numerator  is 
the  cube  of  their  mean  distance,  t.  e.  the  greater  semi-axis  of  their 
elliptic  orbit,  and  whose  denominator  is  the  sum  of  their  masses. 
When  one  of  the  masses  is  incomparably  greater  than  the  other, 
this  resolves  into  Kepler's  law ;  but  when  this  is  not  the  case,  the 
proposition  thus  generalized  stands  in  lieu  of  that  law.  In  the 
system  of  the  sun  and  planets,  however,  the  numerical  correction 
thus  introduced  into  the  results  of  Kepler's  law  is  too  small  to  be 
of  any  importance,  the  mass  of  the  largest  of  the  planets  (Jupiter) 
being  much  less  than  a  thousandth  part  of  that  of  the  sun.  We 
shall  presently,  however,  perceive  all  the  importance  of  this  gene- 
ralization, when  we  come  to  speak  of  the  satellites. 

(493.)  It  will  first,  however,  be  proper  to  explain  by  what  pro- 
cess of  calculation  the  expression  of  a  planet's  elliptic  orbit  by  its 
ekments  can  be  compared  with  observation,  and  how  we  can 
satisfy  ourselves  that  the  numerical  data  contained  in  a  table  of 
such  elements  for  the  whole  system  does  really  exhibit  a  true 
picture  of  it,  and  aflbrd  the  means  of  determining  its  state  at  every 
instant  of  time,  by  the  mere  application  of  Kepler's  laws.  Now, 
for  each  planet,  it  is  necessary  for  this  purpose  to  know,  1st,  the 
magnitude  and  form  of  its  ellipse  ;  2dly,  the  situation  of  this  ellipse 
in  space,  with  respect  to  the  ecliptic,  and  to  a  fixed  line  drawn 
therein ;  3dly,  the  local  situation  of  the  planet  in  its  ellipse  at 
some  known  epoch,  and  its  periodic  time  or  mean  angular  velocity, 
or,  as  it  is  called,  its  mean  motion. 

(494.)  The  magnitude  and  form  of  an  ellipse  are  determined 
by  its  greatest  length  and  least  breadth,  or  its  two  principal  axes; 
but  for  astronomical  uses  it  is  preferable  to  use  the  semi-axis  major 
(or  half  the  greatest  length),  and  the  excentricity  or  distance  of 
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the  focus  from  the  centre,  which  last  is  usually  estimated  in  parts 
of  the  former.  Thus,  an  ellipse,  whose  length  is  10  and  breadth 
8  parts  of  any  scale,  has  for  its  major  semi-axis  5,  and  for  its  ex- 
centricity  3  such  parts ;  but  when  estimated  in  parts  of  the  semi- 
axis,  regarded  as  a  unit,  the  excentricity  is  expressed  by  the  frac- 
tion |. 

(495.)  The  ecliptic  is  the  plane  to  which  an  inhabitant  of  the 
earth  most  naturally  refers  the  rest  of  the  solar  system,  as  a  sort  of 
ground-plane ;  and  the  axis  of  its  orbit  might  be  taken  for  a  line 
of  departure  in  that  plane  or  origin  of  angular  reckoning.  Were 
the  dixisjixedy  this  would  be  the  best  possible  origin  of  longitudes ; 
but  as  it  has  a  motion  (though  an  excessively  slow  one),  there  is^ 
in  fact,  no  advantage  in  reckoning  from  the  axis  more  than  from 
the  line  of  the  equinoxes,  and  astronomers  therefore  prefer  the 
latter,  taking  account  of  its  variation  by  the  effect  of  precession, 
and  restoring  it,  by  calculation  at  every  instant,  to  a  fixed  position. 
Now,  to  determine  the  situation  of  the  ellipse  described  by  a  planet 
with  respect  to  this  plane,  three  elements  require  to  be  known :-~ 
1st,  the  inclination  of  the  plane  of  the  planet's  orbit  to  the  plane 
of  the  ecliptic ;  2dly,  the  line  in  which  these  two  planes  intersect 
each  other,  which  of  necessity  passes  through  the  sun,  and  whose 
position  with  respect  to  the  line  of  the  equinoxes  is  therefore  given 
by  stating  its  longitude.  This  line  is  called  the  line  of  the  nodes. 
When  the  planet  is  in  this  line,  in  the  act  of  passing  from  the 
south  to  the  north  side  of  the  ecliptic,  it  is  in  its  ascending  node, 
and  its  longitude  at  that  moment  is  the  element  called  the  longi' 
iudeofthenode.  These  two  data  determine  the  situation  of  the 
plane  of  the  orbit ;  and  there  only  remains,  for  the  complete  deter- 
mination of  the  situation  of  the  planet's  ellipse,  to  know  how  it  is 
placed  in  that  plane,  which  (since  its  focus  is  necessarily  in  the 
sun)  is  ascertained  by  stating  the  longitude  of  its  perihelion^  or  the 
place  which  the  extremity  of  the  axis  nearest  the  sun  occupies, 
when  orthographically  projected  on  the  ecliptic. 

(496.)  The  dimensions  and  situation  of  the  planet's  orbit  thus 
determined,  it  only  remains,  for  a  complete  acquaintance  with  its 
history,  to  determine  the  circumstances  of  its  motion  in  the  oibit 
so  precisely  fixed.  Now,  for  this  purpose,  all  that  is  needed  is  to 
know  the  moment  of  time  when  it  is  either  at  the  perihelion,  or  at 
any  other  precisely  determined  point  of  its  orbit,  and  its  whole 
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period ;  for  these  being  known,  the  law  of  the  areas  determines 
the  place  at  every  other  instant.  This  moment  is  called  (when  the 
perihelion  is  the  point  chosen)  the  perihelion  passage^  or,  when 
some  point  of  the  orbit  is  fixed  upon,  without  special  reference  to 
the  perihelion,  the  epoch, 

(497.)  Thus,  then,  we  have  seven  particulars  or  elements,  which 
must  be  numerically  stated,  before  we  can  reduce  to  calculation 
the  state  of  the  system  at  any  given  moment.  But,  these  known, 
it  is  easy  to  ascertain  the  apparent  positions  of  each  planet,  as  it 
would  be  seen  from  the  sun,  or  is  seen  from  the  earth  at  any  time. 
The  former  is  called  the  heliocentric jthe  latter  the  geocentric,  place 
of  the  planet. 

(498.)  To  commence  with  the  heliocentric  places.  Let  S  re* 
present  the  sun ;  P  A  N  the  orbit  of  the  planet,  being  an  ellipse, 
having  the  S  in  its  focus,  and  A  for  its  perihelion ;  and  let  ;>  a  Nt 
represent  the  projection  of  the  orbit  on  the  p.    ^^ 

plane  of  the  ecliptic,  intersecting  the  line 
of  equinoxes  S  T  in  T,  which,  therefore, 
is  the  origin  of  longitudes.  Then  will  SN 
be  the  line  of  nodes;  and  if  we  suppose  B 
to  lie  on  the  south,  and  A  on  the  north  ^ 
side  of  the  ecliptic,  and  the  direction  of  the  planet's  motion  to  be 
from  B  to  A,  N  will  be  the  ascending  node,  and  the  angle  t  S  N 
the  longitude  of  the  node.  In  like  manner,  if  P  be  the  place  of 
the  planet  at  any  time,  and  if  it  and  the  perihelion  A  be  projected 
on  the  ecliptic,  upon  the  points  p,  a,  the  angles  t  S  p,  t  S  a, 
will  be  the  respective  heliocentric  longitudes  of  the  planet  and  of 
the  perihelion,  the  former  of  which  is  to  be  determined,  and  the 
latter  is  one  of  the  given  elements.  Lasdy,  the  angle  p  S  P  is  the 
heliocentric  latitude  of  the  planet,  which  is  also  required  to  be 
known. 

(499.)  Now,  the  time  being  given,  and  also  the  moment  of  the 
planet's  passing  the  perihelion,  the  interval,  or  the  time  of  describ- 
ing the  portion  A  P  of  the  orbit,  is  given,  and  the  periodical  time, 
and  the  whole  area  of  the  ellipse  being  known,  the  law  of  propor- 
tionality of  areas  to  the  times  of  their  description  gives  the  magni- 
tude of  the  area  ASP.  From  this  it  is  a  problem  of  pure  geometry 
to  determine  the  corresponding  angle  ASP,  which  is  called  the 
planet's  true  anomaly.    This  problem  is  of  the  kind  called  tran- 
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scendental^  and  has  been  resolved  by  a  great  variety  of  processes, 
some  more,  some  less  intricate.  It  oflers,  however,  no  peculiar 
difficulty,  and  is  practically  resolved  with  great  facility  by  the  help 
of  tables  constructed  for  the  purpose,  adapted  to  the  case  of  each 
particular  planet.* 

(500.)  The  true  anomaly  thus  obtained,  the  planet's  angular 
distance  from  the  node,  or  the  angle  N  S  P,  is  to  be  found.  Now, 
the  longitudes  of  the  perihelion  and  node  being  respectively  V  a 
and  T  N,  which  are  given,  their  difference  a  N  is  also  given,  and 
the  angle  N  of  the  spherical  right-angled  triangle  A  N  a,  being 
the  inclination  of  the  plane  of  the  orbit  to  the  ecliptic,  is  known. 
Hence  we  calculate  the  arc  N  A,  or  the  angle  N  S  A,  which,  added 
to  A  S  P,  gives  the  angle  N  S  P  required.  And  from  this,  regarded 
as  the  measure  of  the  arc  N  P,  forming  the  hypothenuse  of  the 
right-angled  spherical  triangle  P  Np,  whose  angle  N,  as  before,  is 
known,  it  is  easy  to  obtain  the  other  two  sides,  N  p  and  P  p.  The 
latter,  being  the  measure  of  the  angle  p  S  P,  expresses  the  planet's 
heliocentric  latitude ;  the  former  measures  the  angle  N  S  p,  or  the 
planet's  distance  in  longitude  from  its  node,  which,  added  to  the 
known  angle  ^  S  N,  the  longitude  of  the  node,  gives  the  heliocen- 
tric longitude.  This  process,  however  circuitous  it  may  appear, 
when  once  well  understood  may  be  gone  through  numerically  by 
the  aid  of  the  usual  logarithmic  and  trigonometrical  tables,  in  little 
more  time  than  it  will  have  taken  the  reader  to  peruse  its  descrip- 
tion. 

(501.)  The  geocentric  differs  from  the  heliocentric  place  of  a 
planet  by  reason  of  that  parallactic  change  of  apparent  situation 
which  arises  from  the  earth's  motion  in  its  orbit.  Were  the  planets' 
distances  as  vast  as  those  of  the  stars,  the  earth's  orbitual  motion 

*  It  will  readUy  be  understood,  that,  except  in  the  case  of  uniform  circular  motion, 
an  equable  description  of  areas  about  any  centre  is  incompatible  with  an  equable 
description  of  angles.  The  object  of  the  problem  in  the  text  is  to  pass  from  the 
area,  supposed  known,  to  the  angle,  supposed  unknown  :  in  other  words,  to  deriye 
the  true  amount  of  angular  motion  from  the  perihelion,  or  the  true  anomaly  from 
what  is  technically  called  the  mean  anomaly,  that  is,  the  mean  angular  motion 
which  would  have  been  performed  had  the  motion  in  angle  been  uniform  instead  of 
the  motion  in  areeu  It  happens  fortunately,  that  this  is  the  simplest  of  all  problems 
of  the  transcendental  kind,  and  can  be  resoWed,  in  the  most  difficult  case,  by  the 
rule  of  (*  fiilse  position,"  or  trial  and  error,  in  a  very  few  minutes.  Nay,  it  may  even 
be  resolved  instantly  on  inspection  by  a  simple  and  easily  constructed  piece  of 
mechanism,  of  which  the  reader  may  see  a  description  in  the  Cambridge  Philoso- 
phical Transactions,  vol.  iv.  p.  425,  by  the  auttior  of  this  work. 
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would  be  insensible  when  yiewed  from  thetn,  and  they  would 
always  appear  to  us  to  holi  the  same  relative  situations  among  the 
fixed  stars  as  if  viewed  from  the  sun,  i.  e.  they  would  then  be  seen 
in  their  heliocentric  places.  The  difference,  then,  between  the 
heliocentric  and  geocentric  places  of  a  planet  is,  in  fact,  the  same 
thing  with  its  parallax^  arising  from  the  earth^s  removal  from  the 
centre  of  the  system  and  its  annual  motion.  It  follows  from  this, 
that  the  first  step  towards  a  knowledge  of  its  amount,  and  the 
consequent  determination  of  the  apparent  place  of  each  planet,  as 
referred  from  the  earth  to  the  sphere  of  the  fixed  stars,  must  be  to 
ascertain  the  proportion  of  its  linear  distances  from  the  earth  and 
from  the  sun,  as  compared  with  the  earth's  distance  from  the  sun, 
and  the  angular  positions  of  all  three  with  respect  to  each  other. 

(502.)  Suppose,  therefore,  S  to  represent  the  sun,  £  the  earth, 
and  P  the  planet ;  S  T  the  line  of  equinoxes,  ^  £  the  earth's  orbit, 
and  P  />  a  perpendicular  let  fall  from  the  planet  on  the  ecliptic. 
Then  will  the  angle  S  P  £  (according  to  the  general  notion  of 
parallax  conveyed  in  art.  69)  represent  Fig.  72. 

the  parallax  of  the  planet  arising  from  the 
change  of  station  from  S  to  £ ;  £  P  will 
be  the  apparent  direction  of  the  planet 
seen  from  £ ;  and  if  S  Q  be  drawn  par- 
allel to  £  jE>,  the  angle  T  S  Q  will  be  the 
geocentric  longitude  of  the  planet,  while 
tS  £  represents  the  heliocentric  longitude  of  the  earth,  T S p  that 
of  the  planet.  The  former  of  these,  S  £T,  is  given  by  the  solar 
tables ;  the  latter,  T  S  p,  is  found  by  the  process  above  described 
(art  500).  Moreover,  S  P  is  the  radius  vector  of  the  planet's 
orbit,  and  S  £  that  of  the  earth's,  both  of  which  are  determined 
from  the  known  dimensions  of  their  respective  ellipses,  and  the 
places  of  the  bodies  in  them  at  the  assigned  time.  Lastly,  the 
angle  P  S  p  is  the  planet's  heliocentric  latitude. 

(503.)  Our  object,  then,  is,  from  all  these  data,  to  determine 
the  angle  T  S  Q,  and  P  £  p,  which  is  the  geocentric  latitude.  The 
process,  then,  will  stancf  as  follows: — 1st,  In  the  triangle  S  P;?, 
right-angled  at  p,  given  S  P,  and  the  angle  P  S  p  (the  planet's 
radius  vector  and  heliocentric  latitude),  find  Sp.and  Pp;  2dly, 
In  the  triangle  S  £  p,  given  S  p  (just  found),  S  £  (the  earth's 
radius  vector),  and  the  angle  E  S  p  (the  difference  of  heliocentric 
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longitudes  of  the  earth  and  planet),  find  the  angle  S  />  E,  and  the 
side  E  p.  The  former  being  equal  to  4he  alternate  angle  pS  Qy 
is  the  parallactic  removal  of  the  planet  in  longitude,  v^hich,  added 
to  ^  S  /?,  gives  its  geocentric  longitude.  The  latter,  £  p  (which  is 
called  the  curtate  distance  of  the  planet  from  the  earth),  gives  at 
once  the  geocentric  latitude,  by  means  of  the  right-angled  triangle 
P  E  p,  of  which  E  p  and  P  je>  are  known  sides,  and  the  angle 
P  E  p  is  the  geocentric  latitude  sought. 

(504.)  The  calculations  required  for  these  purposes  are  nothing 
but  the  most  ordinary  processes  of  plain  trigonometry ;  and,  though 
somewhat  tedious,  are  neither  intricate  nor  difficult.  When  exe- 
cuted, however,  they  afford  us  the  means  of  comparing  the  places 
of  the  planets  actually  observed  with  the  elliptic  theory,  with  the 
utmost  exactness,  and  thus  putting  it  to  the  severest  trial ;  and  it 
is  upon  the  testimony  of  such  computations,  so  brought  into  com- 
parison with  observed  facts,  that  we  declare  that  theory  to  be  a 
true  representation  of  nature. 

(505.)  The  planets  Mercury,  Venus,  Mars,  Jupiter,  and  Saturn, 
have  been  known  from  the  earliest  ages  in  which  astronomy  has 
been  cultivated.  Uranus  was  discovered  by  Sir  W.  Herschel  in 
1781,  March  13th,  in  the  course  of  a  review  of  the  heavens,  in 
which  every  star  visible  in  a  telescope  of  a  certain  power  was 
brought  under  close  examination,  when  the  new  planet  was  imme- 
diately detected  by  its  disc,  under  a  high  magnifying  power.  It 
has  since  been  ascertained  to  have  been  observed  on  many  pre- 
vious occasions,  with  telescopes  of  insufficient  power  to  show  its 
disc,  and  even  entered  in  catalogues  as  a  star ;  and  some  of  the 
observations  which  have  been  so  recorded  have  been  used  to  im- 
prove and  extend  our  knowledge  of  its  orbit.  The  discovery  of 
the  ultra-zodiacal  planets  dates  from  the  first  day  of  1801,  whea 
Ceres  was  discovered  by  Piazzi,  at  Palermo ;  a  discovery  speedily 
followed  by  those  of  Juno  by  professor  Harding,  of  Gottingen,  in 
1804 ;  and  of  Pallas  and  Vesta,  by  Dr.  Olbers,  of  Bremen,  in  1802 
and  1807  respectively.  It  is  extremely  remarkable  that  this  im- 
portant addition  to  our  system  had  been  in  some  sort  surmised  as 
a  thing  not  unlikely,  on  the  ground  that  the  interval  between  the 
orbit  of  Mercury  and  the  other  planetary  orbits,  go  on  doubling  as 
we  recede  from  the  sun,  or  nearly  so.  Thus,  the  interval  between 
the  orbits  of  the  Earth  and  Mercury  is  nearly  twice  that  between 
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those  of  Venus  and  Mercury;  that  between  the  orbits  of  Mars  and 
Mercury  nearly  twice  that  between  the  Earth  and  Mercury ;  and 
so  on.  The  interval  between  the  orbits  of  Jupiter  and  Mercury, 
however,  is  much  too  great,  and  would  form  an  exception  to  this 
law,  which  is,  however,  again  resumed  in  the  case  of  the  three 
planets  next  in  order  of  remoteness,  Jupiter,  Saturn,  and  Uranus. 
It  was  therefore  thrown  out,  by  the  late  professor  Bode,  of  Berlin,* 
as  a  possible  surmise,  that  a  planet  not  then  yet  discovered  might 
exist  between  Mars  and  Jupiter ;  and  it  may  easily  be  imagined 
what  was  the  astonishment  of  astronomers  on  finding  not  one  only, 
but  four  planets,  difiering  greatly  in  all  the  other  elements  of  their 
orbits,  but  agreeing  very  nearly,  both  inier  se^  and  with  the  above 
stated  empirical  law,  in  respect  of  their  mean  distances  from  the 
sun.  No  account,  d  priori  or  from  theory,  was  to  be  given  of  this 
singular  progression,  which  is  not,  like  Kepler's  laws,  strictly  exact 
in  numerical  verification :  but  the  circumstances  we  have  just 
mentioned  tended  to  create  a  strong  belief  that  it  was  something 
beyond  a  mere  accidental  coincidence,  and  bore  reference  to  the 
essential  structure  of  the  planetary  system.  It  was  even  conjec- 
tured that  the  ultra-zodiacal  planets  are  fragments  of  some  greater 
planet  which  formerly  circulated  in  that  interval,  but  which  has 
been  blown  to  atoms  by  an  explosion ;  an  idea  countenanced  by 
the  exceeding  minuteness  of  these  bodies  which  present  discs ; 
and  it  was  argued  that  in  that  case  innumerable  more  such  frag- 
ments must  exist  and  might  come  to  be  hereafter  discovered. 
Whatever  may  be  thought  of  such  a  speculation  as  a  physical 
hypothesis,  this  conclusion  has  been  verified  to  a  considerable 
extent  as  a  matter  of  fact  by  subsequent  discovery,  the  result  of  a 
careful  and  minute  examination  and  mapping  down  of  the  smaller 
stars  in  and  near  the  zodiac,  undertaken  with  that  express  object. 
Zodiacal  charts  of  this  kind,  the  product  of  the  zeal  and  industry 
of  many  astronomers,  have  been  constructed,  in  which  every  star 
down  to  the  ninth  or  tenth  magnitude  is  inserted,  and  these  stars 
being  compared  with  the  actual  stars  of  the  heavens,  the  intrusion 
of  any  stranger  within  their  limits  cannot  fail  to  be  noticed  when 
the  comparison  is  systematically  conducted.    The  discovery  of 

*  The  empirical  law  itieU;  as  we  have  above  stated  it,  is  ascribed  by  Voiron,  not 
to  Bode  (who  would  appear,  however,  at  all  events,  to  have  first  drawn  attention  to 
this  interpretation  of  its  intermption),  but  to  profeaaor  Titins  of  Wittemberg. 
(Voiron,  Supplement  to  Bailly.) 
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Astraea,  and  that  of  Hebe  by  professor  Hencke,  date  respectively 
from  December  8th,  1845,  and  July  Ist,  1847 ;  those  of  Iris  and 
Flora,  by  Mr.  Hind,  from  August  13th  and  October  18th,  1847 ; 
and  that  of  the  new  planet,  discovered  by  Mr.  Graham,  from 
April  26ih,  1848. 

(506.)  The  discovery  of  Neptune  marks  in  a  signal  manner  the 
maturity  of  astronomical  science.  The  proof,  or  at  least;  the  urgent 
presumption  of  the  existence  of  such  a  planet,  as  a  means  of  ac- 
counting (by  its  attraction)  for  certain  small  irregularities  observed 
in  the  motions  of  Uranus,  was  afforded  almost  simultaneously  by 
the  independent  researches  of  two  geometers,  Messrs.^  Adams  of 
Cambridge  and  Leverrier  of  Paris,  who  were  enabled,yrom  theory 
alone^  to  calculate  whereabouts  it  ought  to  appear  in  the  heavens, 
ifvisibk;  the  places  thus  independently  calculated  agreeing  sur- 
prisingly. Within  a  single  degree  of  the  place  assigned  by  M. 
Leverrier's  calculations,  and  by  him  communicated  to  Dr.  Galle 
of  the  Royal  Observatory  at  Berlin,  it  was  actually  found  by  that 
astronomer  on  the  very  first  night  after  the  receipt  of  that  commu- 
nication, on  turning  a  telescope  on  the  spot,  and  comparing  the 
stars  in  its  immediate  neighbourhood  with  those  previously  laid 
down  in  one  of  the  zodiacal  charts  already  alluded  to.*  This 
remarkable  verification  of  an  indication  so  extraordinary  took  place 
on  the  23d  of  September,  l846.t 

(507.)  The  mean  distance  of  Neptune  from  the  sun,  however, 
so  far  from  falling  in  with  the  supposed  law  of  planetary  distances 
above  mentioned,  oflers  a  decided  case  of  discordance.  The 
interval  between  its  orbit  and  that  of  Mercury,  instead  of  being 
nearly  double  the  interval  between  those  of  Uranus  and  Mercury, 
does  not,  in  fact,  exceed  the  latter  interval  by  much  more  than 
half  its  amount.     This  remarkable  exception  may  serve  to  make 

*  Constracted  by  Dr.  Bremiker,  of  Berlin.  On  reading  the  histoiy  of  this  noble 
dieooverf ,  we  are  ready  to  exclaim  with  Schiller — 

^  Mit  dem  Genius  steht  die  Natur  in  ewigem  Bunde, 
^as  der  Eine  verspricht  leistet  die  Andre  gewin." 

f  Professor  Challis,  of  the  Cambridge  Obseryatory,  directing  the  Northamberland 
telescope  of  that  Institation  to  the  place  assigned  by  Mr.  Adams's  calculations  and 
its  vicinity,  on  the  4th  and  12th  of  August,  1846,  saw  the  planet  on  both  those 
days,  and  noted  its  place  (among  those  of  other  stars)  for  re-obserration.  He, 
however,  postponed  the  eompariaon  of  the  places  observed,  and,  not  possessmg  Dr. 
Bremiker^s  chart  (which  would  have  at  once  indicated  the  presence  of  an  unmapped 
star),  remained  in  ignorance  of  the  pUnet's  existence  as  a  visible  object  till  its  an- 
nouncement as  such  by  Dr.  Gralle. 


PHTSICAL  DBSCBIPTION  OF  THB  PLANBT9.  299 

CIS  cautious  in  the  too  ready  admission  of  empirical  laws  of  this 
nature  to  the  rank  of  fundamental  truths,  though,  as  in  the  present 
instance,  they  may  prove  useful  auxiliaries,  and  serve  as  stepping 
stones,  afibrding  a  temporary  footing  in  the  path  to  great  discove- 
ries. The  force  of  this  remark  will  be  more  apparent  when  we 
come  to  explain  more  particularly  the  nature  of  the  theoretical 
views  which  led  to  the  discovery  of  Neptune  itself. 

(508.)  We  shall  devote  the  rest  of  this  chapter  to  an  account  of 
the  physical  peculiarities  and  probable  condition  of  the  several 
planets,  so  far  as  the  former  are  known  by  observation,  or  the 
latter  rest  on  probable  grounds  of  conjecture.  In  this,  three  features 
principally  strike  us  as  necessarily  productive  of  extraordinary 
diversity  in  the  provisions  by  which,  if  they  be,  like  our  earthy 
bhabiled,  animal  life  must  be  supported.  These  are,  first,  the 
difference  in  their  respective  supplies  of  light  and  heat  from  the 
sun  ;  secondly,  the  difference  in  the  intensities  of  the  gravitating 
forces  which  must  subsist  at  their  ^surfaces,  or  the  different  ratios 
which,  on  their  several  globes,  the  ineriuB  of  bodies  must  bear  to 
their  weights ;  and,  thirdly,  the  diflerence  in  the  nature  of  the 
materials  of  which,  from  what  we  know  of  their  mean  density,  we 
have  every  reason  to  believe  they  consist.  The  intensity  of  solar 
radiation  is  nearly  seven  times  greater  on  Mercury  than  on  the 
Earth,  and  on  Uranus  330  times  less ;  the  proportion  between  the 
two  extremes  being  that  of  upwards  of  2000  to  1.  Let  any  one 
figure  to  himself  the  condition  of  our  globe,  were  the  sun  to  be 
septupled,  to  say  nothing  of  the  greater  ratio !  or  were  it  dimin- 
ished to  a  seventh,  or  to  a  300th  of  its  actual  power!  Again,  the 
intensity  of  gravity,  or  its  efficacy  in  counteracting  muscular  power 
and  repressing  animal  activity,  on  Jupiter,  is  nearly  two  and  a  half 
times  that  on  the  Earth,  on  Mars  not  more  than  one*half,  on  the 
Moon  one-sixth,  and  on  the  smaller  planets  probably  not  more 
than  one-twentieth ;  giving  a  scale  of  which  the  extremes  are  in 
the  proportion  of  sixty  to  one.  Lastly,  the  density  of  Saturn  hardly 
exceeds  one-eighth  of  the  mean  density  of  the  Earth,  so  that  it 
must  consist  of  materials  not  much  heavier  than  cork.  Now, 
under  the  various  combinations  of  elements  so  important  to  life  as 
these,  what  immense  diversity  must  we  not  admit  in  the  conditions 
of  that  great  problem,  the  maintenance  of  animal  and  intellectual 
existence  and  happiness,  which  seems,  so  far  as  we  can  judge  by 
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what  we  see  around  us  in  our  own  planet,  and  by  the  way  in 
which  every  corner  of  it  is  crowded  with  living  beings,  to  form  an 
unceasing  and  worthy  object  for  the  exercise  of  the  Benevolence 
and  Wisdom  which  preside  over  all ! 

(509.)  Quitting,  however,  the  region  of*  mere  speculation,  we 
will  now  show  what  information  the  telescope  affords  us  of  the 
actual  condition  of  the  several  planets  within  its  reach.  Of 
Mercury  we  can  see  little  more  than  that  it  is  round,  and  exhibits 
phases.  It  is  too  small,  and  too  much  lost  in  the  constant  neigh- 
bourhood of  the  Sun,  to  allow  us  to  make  out  more  of  its  nature. 
The  real  diameter  of  Mercury  is  about  3200  miles ;  its  apparent 
diameter  varies  from  6"  to  12".  Nor  does  Venus  offer  any  re- 
markable pecaliarities:  although  its  real  diameter  is  7800  miles, 
and  although  it  occasionally  attains  the  considerable  apparent 
diameter  of  61",  which  is  larger  than  that  of  any  other  planet,  it  is 
yet  the  most  difficult  of  them  all  to  define  with  telescopes.  The 
intense  lustre  of  its  illuminate^  part  dazzles  the  sight,  and  exag- 
gerates every  imperfection  of  the  telescope;  yet  we  see  clearly 
that  its  surface  is  not  mottled  over  with  permanent  spots  like  the 
Moon;  we  notice  in  it  neither  mountains  nor  shadows,  but  a 
uniform  brightness,  in  which  sometimes  we  may  indeed  fancy,  or 
perhaps  more  than  fancy,  brighter  or  obscurer  portions,  but  can 
seldom  or  never  rest  fully  satisfied  of  the  fact.  It  is  from  some 
observations  of  this  kind  that  both  Venus  and  Mercury  have  been 
concluded  to  revolve  on  their  axes  in  about  the  same  time  as  the 
Earth,  though  in  the  case  of  Venus,  Bianchini,  and  other  more 
recent  observers  have  contended  for  a  period  of  twenty-four  times 
that  length.  The  most  natural  conclusion,  from  the  very  rare 
appearance  and  want  of  permanence  in  the  spots,  is,  that  we  do 
not  see,  as  in  the  Moon,  the  real  surface  of  these  planets,  but  only 
their  atmospheres,  much  loaded  with  clouds,  and  which  may  serve 
to  mitigate  the  otherwise  intense  glare  of  their  sunshine. 

(510.)  The  case  is  very  different  with  Mars.  In  this  planet  we 
frequently  discern,  with  perfect  distinctness,  the  outlines  of  what 
may  be  continents  and  seas.  (See  Plate  I*  fig-  ly  which  represents 
Mars  in  its  gibbous  state,  as  seen  on  the  16th  of  August,  1830,  in 
the  20-feet  reflector  at  Slough.)  Of  these,  the  former  are  distin- 
guish^ed  by  that  ruddy  colour  which  characterizes  the  light  of  this 
planet  (which  always  appears  red  and  fiery),  and  indicates,  no 
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doubt,  an  ochrey  tinge  in  the  general  soil,  like  what  the  red  sand- 
stone districts  on  the  Earth  may  possibly  offer  to  the  inhabitants 
of  Mars,  only  more  decided.    Contrasted  with  this  (by  a  general 
law  in  optics),  the  seas,  as  we  may  call  them,  appear  greenish.* 
These  spots,  however,  are  not  always  to  be  seen  equally  distinct, 
but,  when  seeriy  they  offer  the  appearance  of  forms  considerably 
definite  and  highly  characteristic,!  brought  successively  into  view 
by  the  rotation  of  the  planet,  from  the  assiduous  observation  of 
which  it  has  even  been  found  practicable  to  construct  a  rude  chart 
of  the  surface  of  the  planet.     The  variety  in  the  spots  may  arise 
from  the  planet  not  being  destitute  of  atmosphere  and  clouds ; 
and  what  adds  greatly  to  the  probability  of  this  is  the  appearance 
of  brilliant  white  spots  at  its  poles, — one  of  which  appears  in  our 
figure, — which  have  been  conjectured,  with  some  probability,  to 
be  snow  ;  as  they  disappear  when  they  have  been  long  exposed  to 
the  sun,  and  are  greatest  when  just  emerging  from  the  long  night 
of  their  polar  winter,  the  snow  line  then  extending  to  about  six 
degrees  (reckoned  on  a  meridian  of  the  planet)  from  the  pole.    By 
watching  the  spots  during  a  whole  night,  and  on  successive  nights, 
it  is  found  that  Mars  has  a  rotation  on  an  axis  inclined  about  30^ 
18'  to  the  ecliptic,  and  in  a  period  of  24^  37°^  23'j:  in  the  same 
direction  as  the  Earth's,  or  from  west  to  east.    The  greatest  and 
least  apparent  diameters  of  Mars  are  4''  and  18-',  and  its  real 
diameter  about  4100  miles. 

(511.)  We  now  come  to  a  much  more  magnificent  planet,  Ju- 
piter, the  largest  of  them  all,  being  in  diameter  no  less  than 
87,0(X)  miles,  and  in  bulk  exceeding  that  of  the  earth  nearly  1300 
times.  It  is,  moreover,  dignified  by  the  attendance  of  four  mooris, 
satellUeSy  or  secondary  planetSy  as  they  are  called,  which  constantly 
accompany  and  revolve  about  it,  as  the  Moon  does  round  the 
Earth,  and  in  the  same  diiection,  forming  with  their  principal^  or 
primary y  a  beautiful  miniature  system,  entirely  analogous  to  (hat 
greater  one  of  which  their  central  body  is  itself  a  member,  obey- 

*  I  have  noticed  the  phenomena  deBcribed  in  the  text  on  many  occaaionfly  but 
never  more  distinct  than  on  the  occasion  when  the  drawing  vtz^  made  from  which 
the  figure  in  Plato  I.  is  engraved. — Author, 

f  The  reader  will  find  many  of  theae  forms  represented  in  Schumacher's  Aatro' 
nomisehe  Naehrichienf  No.  191,  434,  and  in  the  chart  in  No.  349,  by  Messrs.  Beer 
and  Miidler. 

t  Beer  and  Madler,  Asir.  Nachr,  349. 


802  OUILDTES  OF  ASTBONOMT. 

ing  the  same  laws,  and  exemplifying,  in  the  most  striking  and  in- 
structive manner,  the  prevalence  of  the  gravitating  power  as  the 
ruling  principle  of  their  motions:  of  these,  however,  we  shall 
speak  more  at  large  in  the  next  chapter. 

(512.)  The  disc  of  Jupiter  is  always  observed  to  be  crossed  in 
one  certain  direction  by  dark  bands  or  belts  presenting  the  ap- 
pearance, in  Plate  III.^.  2,  which  represents  this  planet  as  seen 
on  the  23d  of  September,  1832,  in  the  20-feet  reflector  at  Slough. 
These  belts  are,  however,  by  no  means  alike  at  all  times ;  they 
vary  in  breadth  and  in  situation  on  the  disc  (though  never  in  their 
general  direction).  They  have  evea  been  seen  broken  up  and 
distributed  over  the  whole  face  of  the  planet ;  but  this  phenome- 
non is  extremely  rare.  Branches  running  out  from  them,  and  sub- 
divisions, as  represented  in  the  figure^  as  well  as  evident  dark 
spots,  are  by  no  means  uncommon ;  and  from  these,  attentively 
watched,  it  is  concluded  that  this  planet  revolves  in  the  surpris- 
ingly short  period  of  9^  55°  50'  (sid.  time),  on  an  axis  perpendi- 
cular to  the  direction  of  the  belts.  Now,  it  is  very  remarkable, 
and  forms  a  most  satisfactory  comment  on  the  reasoning  by  which 
the  spheroidal  figure  of  the  Earth  has  been  deduced  from  its  diur- 
nal rotation,  that  the  outline  of  Jupiter's  disc  is  evidently  not  cir- 
cular, but  elliptic,  being  considerably  flattened  in  the  direction  of 
its  axis  of  rotation.  This  appearance  is  no  optical  illusion,  but  is 
authenticated  by  micrometrical  measures,  which  assign  107  to  100 
for  the  proportion  of  the  equatorial  and  polar  diameters.  And  to 
confirm,  in  the  strongest  manner,  the  truth  of  those  principles  on 
which  our  former  conclusions  have  been  founded,  and  fully  to 
authorize  their  extension  to  this  remote  system,  it  appears,  on  cal- 
culation, that  this  is  really  the  degree  of  oblateness  which  corre- 
sponds, on  those  principles,  to  the  dimensions  of  Jupiter,  and  to 
the  time  of  his  rotation. 

(513.)  The  parallelism  of  the  belts  to  the  equator  of  Jupiter, 
their  occasional  variations,  and  the  appearances  of  spots  seen  upon 
them,  render  it  extremely  probable  that  they  subsist  in  the  atmos- 
phere of  the  planet,  forming  tracts  of  comparatively  clear  sky, 
determined  by  currents  analogous  to  our  trade- winds,  but  of  a  much 
more  steady  and  decided  character,  as  might  indeed  be  expected 
from  the  immense  velocity  of  its  rotation.  That  it  is  the  com- 
paratively darker  body  of  the  planet  which  appears  in  the  belts  is 
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evident  from  this, — that  they  do  not  come  up  in  all  their  strength 
to  the  edge  of  the  disc,  but  fade  away  gradually  before  they  reach 
it.  (See  Plate  III.  fig,  2.)  The  apparent  diameter  of  Jupiter 
varies  from  30"  to  46". 

(514.)  A  still  more  wonderful,  and,  as  it  may  be  termed,  ela- 
borately artificial  mechanism,  is  displayed  in  Saturn,  the  next  in 
order  of  remoteness  to  Jupiter,  to  which  it  is  not  much  inferior  in 
magnitude,  being  about  79,000  miles  in  diameter,  nearly  1000 
times  exceeding  the  earth  in  bulk,  and  subtending  an  apparent 
angular  diameter  at  the  earth,  of  about  18"  at  its  mean  distance. 
This  stupendous  globe,  besides  being  attended  by  no  less  than 
seven  satellites,  or  moons,  is  surrounded  with  two  broad,  flat, 
extremely  thin  rings,  concentric  with  the  planet  and  with  each 
other,  both  lying  in  one  plane,  and  separated  by  a  very  narrow 
interval  from  each  other  throughout  their  whole  circumference,  as 
they  are  from  the  planet  by  a  much  wider.  The  dimensions  of 
this  extraordinary  appendage  are  as  follow : — * 

^       miet. 

Exterior  diameter  of  exterior  ring      ...               .  40*096=176,418 

Interior  ditto 85-28U=  165,272 

Exterior  diameter  of  interior  ring      .....  84-476=  16 1, tf 90 

Interior  ditto 26-668=117,839 

Equatorial  diameter  of  the  body        .....  i7*i^91=  7u,160 

Interval  between  the  planet  and  interior  ring         -       •  4*839'^   19.U90 

Interval  of  the  rinp 0  406=     1,791 

Thicluiess  of  the  nngs  not  exceeding      ....  s       260 

The  figure  [fig.  3,  Plate  III.)  represents  Saturn  surrounded  by  its 
rings,  and  having  its  body  striped  with  dark  belts,  somewhat  simi- 
lar, but  broader  and  less  strongly  marked  than  those  of  Jupiter, 
and  owing,  doubtless,  to  a  similar  cause,  f  That  the  ring  is  a  solid 
opake  substance  is  shown  by  its  throwing  its  shadow  on  the  body 
of  the  planet,  on  the  side  nearest  the  sun,  and  on  the  other  side 
receiving  that  of  the  body,  as  shown  in  the  figure.  From  the 
parallelism  of  the  belts  with  the  plane  of  the  ring,  it  may  be  con- 
jectured that  the  axis  of  rotation  of  the  planet  is  perpendicular  to 
that  plane ;  and  this  conjecture  is  confirmed  by  the  occasional 

*  Tlieae  dimenaions  are  calculated  from  Prof.  Struve's  micromctric  meaaurei^ 
Mem.  Art.  8oc  iii.  801,  with  the  eiceptiun  of  the  thickness  of  the  ring,  which  ia 
concluded  from  iti  total  disappearance  in  1833,  in  a  telescope  which  would  cer- 
tainly have  shown,  as  a  visible  object,  a  line  of  light  one-twentieth  of  a  second  in 
breadth.     The  interval  of  the  rings  here  stated  is  possibly  somewhat  too  small. 

I  The  equatorial  bright  belt  is  generally  well  seen.  The  suitJiviitiun  of  the 
dark  ono  by  two  narrow  bright  bands  is  seldom  so  distinct  as  repceseuted  in  tha 
I^te. 
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appearance  of  extensive  dusky  spots  on  its  surface,  which  when 
watched,  like  the  spots  on  Mars  or  Jupiter,  indicate  a  rotation  in 
10^  29°^  17'  about  an  axis  so  situated. 

(515.)  The  axis  of  rotation,  like  that  of  the  earth,  preserves  its 
parallelism  to  itself  during  the  motion  of  the  planet  in  its  orbit ; 
and  the  same  is  also  the  case  with  the  ring,  whose  plane  is  con- 
stantly inclined  at  the  same,  or  very  nearly  the  same,  angle  to  that 
of  the  orbit,  and,  therefore,  to  the  ecliptic,  viz.  28^11';  and 
intersects  the  latter  plane  in  a  line,  which  makes  at  present*  an 
angle  with  the  line  of  equinoxes  of  167^  31'.  So  that  the  nodes 
of  the  ring  lie  in  167^  31'  and  347°  31'  of  longitude.  Whenever, 
then,  the  planet  happens  to  be  situated  in  one  or  other  of  these 
longitudes,  as  at  C,  the  plane  of  the  ring  passes  through  the  sun, 
which  then  illuminates  only  the  edge  of  it.  And  if  the  earth  at 
that  moment  be  in  F,  it  will  see  the  ring  edgeways,  the  planet 
being  in  opposition,  and  therefore  most  favourably  situated  {aBte- 
ri$  paribus)  for  observation.  Under  these  circumstances  the  ring, 
if  seen  at  all,  can  only  appear  as  a  very  narrow  straight  line  of  light 
projecting  on  either  side  of  the  body  as  a  prolongation  of  its  di- 
ameter. In  fact,  it  is  quite  invisible  in  any  but  telescopes  of  extra- 
Fig.  73. 


ordinary  power.f    This  remarkable  phenomenon  takes  place  at 
intervals  of  fifteen  years  nearly  (being  a  semi-period  of  Saturn  in 

*  According  to  Benel,  the  longitude  of  the  node  of  the  ring  increaMS  40^*462 
per  annum.    In  1800  it  was  166°  53^  e"-9. 

f  lu  disappearance  was  complete  when  obsenred  with  a  reflector  eighteen 
indies  in  apeitare  and  twenty  feet  in  focal  length  on  the  29th  of  Apifl,  1833,  by 
the  author. 
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its  orbit).  One  disappearance  at  least  mdst  take  place  whenever 
Saturn  passes  either  node  of  its  orbit;  but  three  must  frequently 
happen,  and  two  are  possible.  To  show  this,  suppose  S  to  be  the 
sun,  A  B  C  D  part  of  Saturn's  orbit  situated  so  as  to  include  the 
node  of  the  ring  (at  C) ;  E  F  G  H  the  Earth's  orbit ;  S  C  the  line 
of  the  node ;  E  B,  G  D  parallel  to  S  C  touching  the  earth's  orbit 
in  E  G ;  and  let  the  direction  of  motion  of  both  bodies  be  that 
indicated  by  the  arrow.  Then  since  the  ring  preserves  it  parallel- 
ism, its  plane  can  nowhere  intersect  the  earth's  orbit,  and  there- 
fore no  disappearance  can  take  place,  unless  the  planet  be  between 
B  and  D :  and,  on  the  other  hand,  a  disappearance  is  possible  (if 
the  earth  be  rightly  situated)  during  the  whole  time  of  the  descrip- 
tion of  the  arc  B  D.  Now,  since  SB  or  S D,  the  distance  of 
Saturn  from  the  Sun,  is  to  SE  or  S  G,  that  of  the  Earth,  as  9-54 
to  1,  the  angle  C  SD  or  C  S  B  =  6^  1',  and  the  whole  angle B  S  D 
=  12^  2',  which  is  described  by  Saturn  (on  an  average)  in  35946 
days,  wanting  only  5*8  days  of  a  complete  year.  The  Earth  then 
describes  very  nearly  an  entire  revolution  within  the  limits  of  time 
when  a  disappearance  is  possible  ;  and  since,  in  either  half  of  its 
orbit  E  F  G  or  G  H  F,  it  may  equally  encounter  the  plane  of  the 
ring,  one  such  encounter  at  least  is  unavoidable  within  the  time 
specified. 

(516.)  Let  G  a  be  the  arc  of  the  Earth's  orbit  described  from 
G  in  5*8  days.  Then  if,  at  the  moment  of  Saturn's  arrival  at  B, 
the  Earth  be  at  a,  it  will  encounter  the  plane  of  the  ring  advancing 
parallel  to  itself  and  to  BE  to  meet  it,  somewhere  in  the  quadrant 
H  E,  as  at  M,  after  which  it  will  be  behind  that  plane  (with  refer- 
ence to  the  direction  of  Saturn's  motion)  through  all  the  arc 
M  E  F  G  up  to  G,  where  it  will  again  overtake  it  at  the  very 
moment  of  the  planet  quitting  the  arc  B  D.  In  this  state  of  things 
there  will  be  two  disappearances.  If,  when  Saturn  is  at  B,  the 
Earth  be  anywhere  in  the  arc  a  H  E,  it  is  equally  evident  that  it 
will  meetBnd  pass  through  the  advancing  plane  of  the  ring  some- 
where in  the  quadrant  H  E,  that  it  will  again  overtake  and  pass 
through  it  somewhere  in  the  semicircle  EFG,  and  again  meet  it 
in  some  point  of  the  quadrant  G  H,  so  that  three  disappearances 
will  take  place.  So,  also,  if  the  Earth  be  at  £  when  Saturn  is  at 
B,  the  motion  of  the  Earth  being  at  that  instant  directly  towards  B, 
the  plane  of  the  ring  will  for  a  short  time  leave  it  behind ;  but  the 

20 
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ground  so  lost  being  rapidly  regained  as  the  earth's  motion  becomes 
oblique  to  the  line  of  junction,  it  will  soon  overtake  and  pass 
through  the  plane  in  the  early  part  of  the  quadrant  EF,  and  pass- 
ing on  through  G  before  Saturn  arrives  at  D,  will  meet  the  plane 
again  in  the  quadrant  G  H.  The  same  will  continue  up  to  a  cer- 
tain point  bj  at  which,  if  the  earth  be  initially  situated,  there  will 
be  but  two  disappearances — the  plane  of  the  ring  there  overtaking 
the  earth  for  an  instant,  and  being  immediately  again  left  behind 
by  it,  to  be  again  encountered  by  it  in  G  H.  Finally,  if  the  initial 
place  of  the  earth  (when  Saturn  is  at  B)  be  in  the  arc  6  F  a, 
there  will  be  but  one  passage  through  the  plane  of  the  ring,  viz., 
in  the  semicircle  GHE,  the  earth  being  in  advance  of  that  plane 
throughout  the  whole  of  b  G. 

(517.)  The  appearances  will  moreover  be  varied  according  as 
the  Earth  passes  from  the  enlightened  to  the  unenlightened  side 
of  the  ring,  or  vice  versd.  If  C  be  the  ascending  node  of  the  ring, 
and  if  the  under  side  of  the  paper  be  supposed  south  and  the  upper 
north  of  the  ecliptic,  then,  when  the  Ekirth  meets  the  plane  of  the 
ring  in  the  quadrant  H  E,  it  passes  from  the  bright  to  the  dark 
side :  where  it  overtakes  it  in  the  quadrant  E  F,  the  contrary.  Vice 
versdy  when  it  overtakes  it  in  F  G,  the  transition  is  from  the  bright 
to  the  dark  side,  and  the  contrary  where  it  meets  it  in  G  H.  On 
the  other  hand,  when  the  earth  is  overtaken  by  the  ring-plane  in 
the  interval  E  6,  the  change  is  from  the  bright  to  the  dark  side. 
When  the  dark  side  is  exposed  to  sight,  the  aspect  of  the  planet  is 
very  singular.  It  appears  as  a  bright  round  disc,  with  its  belts,  &c., 
but  crossed  equatorially  by  a  narrow  and  perfectly  black  line. 
This  can  never  of  course  happen  when  the  planet  is  more  than 
6^  1'  from  the  node  of  the  ring.  Generally,  the  northern  side  is 
enlightened  and  visible  when  the  heliocentric  longitude  of  Saturn 
is  between  173^  32'  and  341^  30',  and  the  southern  when  between 
353°  3'J  and  161°  30'.  The  greatest  opening  of  the  ring  occurs 
when  the  planet  is  situated  at  90<^  distance  from  the  node  of  the 
ring,  or  in  longitudes  77^  31'  and  257°  31',  and  at  these  points  the 
longer  diameter  of  its  apparent  ellipse  is  almost  exactly  double  the 
shorter. 

(518.)  It  will  naturally  be  asked  how  so  stupendous  an  arch, 
if  composed  of  solid  and  ponderous  materials,  can  be  sustained 
without  collapsing  and  falling  in  upon  the  planet  ?    The  answer 
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to  this  is  to  be  found  in  a  swift  rotation  of  the  ring  in  its  own  plane, 
which  observation  has  detected,  owing  to  some  portion  of  the  ring 
being  a  little  less  bright  than  others,  and  assigned  its  period  at  10*^  32"* 
15',  which  from  what  we  know  of  its  dimensions,  and  of  the  force 
of  gravity  in  the  Saturnian  system,  is  very  nearly  the  periodic  time 
of  a  satellite  revolvmg  at  the  same  distance  as  the  middle  of  its 
breadth.  It  is  the  centrifugal  force,  then,  arising  from  this  rota- 
tion, which  sustains  it ;  and,  although  no  observation  nice  enough 
to  exhibit  a  difference  of  periods  between  the  outer  and  inner 
rings  have  hitherto  been  made,  it  is  more  than  probable  that  such 
a  difference  does  subsist  as  to  place  each  independently  of  the 
other  in  a  similar  state  of  equilibrium. 

(519.)  Although  the  rings  are,  as  we  have  said,  very  nearly  con- 
centric with  the  body  of  Saturn,  yet  micrometrical  measurements 
of  extreme  delicacy  have  demonstrated  that  the  coincidence  is  not 
mathematically  exact,  but  that  the  centre  of  gravity  of  the  rings 
oscillates  round  that  of  the  body  describing  a  very  minute  orbit, 
probably  under  laws  of  much  complexity.  Trifling  as  this  remark 
may  appear,  it  is  of  the  utmost  importance  to  the  stability  of  the 
system  of  the  rings.  Supposing  them  mathematically  perfect  in 
their  circular  form,  and  exactly  concentric  with  the  planet,  it  is 
demonstrable  that  they  would  form  a  system  in  a  state  of  unstable 
equilibriumj  which  the  slightest  external  power  would  subvert — 
not  by  causing  a  rupture  in  the  substance  of  the  rings — but  by 
precipating  them,  unbrokeny  on  the  surface  of  the  planet.  For  the 
attraction  of  such  a  ring  or  rings  on  a  point  or  sphere  excentrically 
within  them,  is  not  the  same  in  all  directions,  but  tends  to  draw 
the  point  or  sphere  towards  the  nearest  part  of  the  ring,  or  away 
from  the  centre.  Hence,  supposing  the  body  to  become,  from 
any  cause,  ever  so  little  excentric  to  the  ring,  the  tendency  of  their 
mutual  gravity  is  not  to  correct  but  to  increase  this  excentricity,  and 
to  bring  the  nearest  parts  of  them  together.  Now,  external  powers, 
capable  of  producing  such  excentricity,  exist  in  the  attractions  of 
the  satellites,  as  will  be  shown  in  Chap.  XII. ;  and  in  order  that  the 
system  may  be  stahhy  and  possess  within  itself  a  power  of  resisting 
the  first  inroads  of  such  a  tendency,  while  yet  nascent  and  feeble, 
and  opposing  them  by  an  opposite  or  maintaining  power,  it  has 
been  shown  that  it  is  sufficient  to  admit  the  rings  to  be  haded  in 
some  part  of  their  circumference,  either  by  some  minute  inequality 
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of  thickness,  or  by  some  portions  being  denser  than  others.  Such 
a  load  would  give  to  the  whole  ring  to  which  it  was  attached 
somewhat  of  the  character  of  a  heavy  and  sluggish  satellite  main- 
taining itself  in  an  orbit  with  a  certain  energy  sufficient  to  overcome 
minute  causes  of  disturbance,  and  establish  an  average  bearing  on 
its  centre.  But  even  without  supposing  the  existence  of  any  such 
load, — of  which,  after  all,we  have  no  proof, — and  granting,  in  its  full 
extent,  the  general  instability  of  the  equilibrium,  we  think  we  per- 
ceive, in  the  rapid  periodicity  of  all  the  causes  of  disturbance,  a 
sufficient  guarantee  of  its  preservation.  However  homely  be  the 
illustration,  we  can  conceive  nothing  more  apt,  in  every  way,  to 
give  a  general  conception  of  this  maintenance  of  equilibrium  under 
a  constant  tendency  to  subversion,  than  the  mode  in  which  a  prac- 
tised hand  will  sustain  a  long  pole  in  a  perpendicular  position 
resting  on  the  finger  by  a  continual  and  almost  imperceptible  varia- 
tion of  the  point  of  support.  Be  that,  however,  as  it  may,  the 
observed  oscillation  of  the  centres  of  the  rings  about  that  of  the 
planet  is  in  itself  the  evidence  of  a  perpetual  contest  between  con- 
servative and  destructive  powers — both  extremely  feeble,  but  so 
antagonizing  one  another  as  to  prevent  the  latter  from  ever  acquir- 
ing an  uncontrollable  ascendency,  and  rushing  to  a  catastrophe. 

(520.)  This  is  also  the  place  to  observe,  that  as  the  smallest 
difierence  of  velocity  between  the  -body  and  the  rings  must  infal- 
libly precipitate  the  latter  on  the  former,  never  more  to  separate, 
(for  they  would,  once  in  contact,  have  attained  a  position  of  sttMe 
equilibrium  J  and  be  held  together  ever  after  by  an  immense  force ;) 
it  follows,  either  that  their  motions  in  their  common  orbit  round 
the  sun  must  have  been  adjusted  to  each  other  by  an  external 
power,  with  the  minutest  precision,  or  that  the  rings  must  have  been 
formed  about  the  planet  while  subject  to  their  common  orbitual 
motion,  and  under  the  full  and  free  influence  of  all  the  acting  forces. 

(521.)  Several  astronomers  have  suspected,  and  even  consider 
themselves  to  have  certainly  observed,  the  rings  of  Saturn  to  be 
occasionally,  at  least,  streaked  with  numerous  dark  lines  parallel 
to  the  decided  black  interval  which  separates  the  two  rings,  and 
which  being  permanent,  and  being  seen  equally  and  in  the  same 
part  of  the  breadth  on  both  sides  of  the  ring,  cannot  be  doubted 
to  be  a  real  separation.  As  it  is  equally  certain,  however,  that  the 
ring  of  Saturn  has  been  admirably  well  seen  by  others,  with  tele* 
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scopes  no  way  inferior,  without  giving  rise  to  any  suspicion  of  such 
a  division,  the  permarieTice  of  such  streaks  must  at  least  be  con- 
sidered as  undemonstrated,  and  the  phenomenon  remanded  to  the 
careful  attention  of  observers.* 

(522.)  The  rings  of  Saturn  must  present  a  magnificent  spectacle 
from  those  regions  of  the  planet  which  lie  above  their  enlightened 
sideS)  as  vast  arches  spanning  the  sky  from  horizon  to  horizon, 
and  holding  an  almost  invariable  situation  among  the  stars.  On 
the  other  hand,  in  the  regions  beneath  the  dark  side,  a  solar  eclipse 
of  fifteen  years  in  duration,  under  their  shadow,  must  afford  (to 
our  ideas)  an  inhospitable  asylum  to  animated  beings,  ill  compen- 
sated by  the  faint  light  of  the  satellites.  But  we  shall  do  wrong 
to  judge  of  the  fitness  or  unfitness  of  their  condition  from  what 
we  see  around  us,  when,  perhaps,  the  very  combinations  which 
convey  to  our  minds  only  images  of  horror,  may  be  in  reality 
theatres  of  the  most  striking  and  glorious  displays  of  beneficent 
contrivance. 

(523.)  Of  Uranus  we  see  nothing  but  a  small  round  uniformly 
illuminated  disc,  without  rings,  belts,  or  discernible  spots.  Its 
apparent  diameter  is  about  4",  from  which  it  never  varies  much, 
owing  to  the  smallness  of  our  orbit  in  comparison  of  its  own.  Its 
real  diameter  is  about  35,000  miles,  and  its  bulk  82  times  that  of 
tiie  earth.  It  is  attended  by  satellites — four  at  least,  probably  five 
or  six — whose  orbits  (as  will  be  seen  in  the  next  chapter)  offer 
remarkable  peculiarities. 

(524.)  The  discovery  of  Neptune  is  so  recent,  and  its  situation 
in  the  ecliptic  at  present  so  little  favourable  for  seeing  it  with  per- 
fect distinctness,  that  nothing  very  positive  can  be  stated  as  to  its 
physical  appearance.  To  two  observers  it  has  afforded  strong 
suspicion  of  being  surrounded  with  a  ring  very  highly  inclined. 
And  from  the  observations  of  Mr.  Lassell,  M.  Otto  Struve,  and 
Mr.  Bond,  it  appears  to  be  attended  certainly  by  one,  and  very 
probably  by  two  satellites — ^though  the  existence  of  the  second  can 
hardly  yet  be  considered  as  quite  demonstrated. 

(525.)  If  the  immense  distance  of  Neptune  precludes  all  hope 
of  coming  at  much  knowledge  of  its  physical  state,  the  minute- 

*  The  paange  of  Saturn  across  any  considerable  star  would  afibrd  an  admirable 
opportunity  of  testing  the  reality  of  such  fissures,  as  it  would  flash  in  sucoessioa 
through  them.  The  opportunity  of  watching  for  such  occultations — when  Saturn 
traverses  the  Milky* Way,  for  instance — should  not  be  neglected. 
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ness  of  the  ultra-zodiacal  planets  is  no  less  a  bar  to  any  inquiry 
into  theirs.  One  of  them,  Pallas,  has  been  said  to  have  somewhat 
of  a  nebulous  or  hazy  appearance,  indicative  of  an  extensive  and 
vaporous  atmosphere,  little  repressed  and  condensed  by  the  inade* 
quate  gravity  of  so  small  a  mass.  It  is  probable,  however,  that 
the  appearance  in  question  has  originated  in  some  imperfection  in 
the  telescope  employed  or  other  temporary  causes  of  illusion.  la 
Vesta  and  Pallas  only  have  sensible  discs  been  hitherto  observed, 
and  those  only  with  very  high  magnifying  powers.  Vesta  was 
once  seen  by  SchroBter  with  the  naked  eye.  No  doubt  the  most 
remarkable  of  their  peculiarities  must  lie  in  this  condition  of  their 
state.  A  man  placed  on  one  of  them  would  spring  with  ease  60 
feet  high,  and  sustain  no  greater  shock  in  his  descent  than  he  does 
on  the  earth  from  leaping  a  yard.  On  such  planets  giants  might 
exist ;  and  those  enormous  animals,  which  on  earth  require  the 
buoyant  power  of  water  to  counteract  their  weight,  might  there  be 
denizens  of  the  land.  But  of  such  speculations  there  is  no  end. 
(526.)  We  shall  close  this  chapter  with  an  illustration  calculated 
to  convey  to  the  minds  of  our  readers  a  general  impression  of  the 
relative  magnitudes  and  distances  of  the  parts  of  our  system. 
Choose  any  well  levelled  field  or  bowling-green.  On  it  place  a 
globe,  two  feet  in  diameter ;  this  will  represent  the  Sun ;  Mercury 
will  be  represented  by  a  grain  of  mustard  seed,  on  the  circumfer- 
ence of  a  circle  164  feet  in  diameter  for  its  orbit ;  Venus  a  pea,  on 
a  circle  284  feet  in  diameter ;  the  Earth  also  a  pea,  on  a  circle  of 
430  feet ;  Mars  a  rather  large  pin's  head,  on  a  circle  of  654  feet ; 
Juno,  Ceres,  Vesta,  and  Pallas,  grains  of  sand,  in  orbits  of  from 
1000  to  1200  feet;  Jupiter  a  moderate-sized  orange,  in  a  circle 
nearly  half  a  mile  across ;  Saturn  a  small  orange,  on  a  circle  of 
four-fiilbs  of  a  mile ;  Uranus  a  full-sized  cherry,  or  small  plum, 
upon  the  circumference  of  a  circle  more  than  a  mile  and  a  half, 
and  Neptune  a  good-sized  plum  on  a  circle  about  two  miles  and 
a  half  in  diameter.  As  to  getting  correct  notions  on  this  subject 
by  drawing  circles  on  paper,  or,  still  worse,  from  those  very  child- 
ish toys  called  orreries,  it  is  out  of  the  question.  To  imitate  the 
motions  of  the  planets,  in  the  above-mentioned  orbits,  Mercury 
must  describe  its  own  diameter  in  41  seconds  ;  Venus  in  4">  14* ; 
the  Earth,  in  7  minutes ;  Mars,  in  4°^  48' ;  Jupiter,  2^  56°^ ;  Sa- 
turn, in  3^  13°^ ;  Uranus,  in  2"»  16" ;  and  Neptune  in  S''  SO"*. 


CHAPTER  X. 

OF    THE    SATELLITES. 

OF  THE  MOON,  AS  A  SATELLITE  OF  THE  EARTH. — GENERAL  'pROX- 
IMITY  OF  SATELLITES  TO  THEIR  PRIMARIES,  AND  CONSEQUENT 
SUBORDINATION  OF  THEIR  MOTIONS. — MASSES  OF  THE  PRIMARIES 
CONCLUDED  FROM  THE  PERIODS  OF  THEIR  SATELLITES. — MAIN- 
TENANCE OF  KEPLER's  laws   in  the  secondary  SYSTEMS. — OF 

JUPITER^S     SATELLITES THEIR    ECLIPSES,   ETC. — VELOCITY    OF 

LIGHT   DISCOVERED   BY  THEIR   MEANS. — SATELLITES  OF  SATURN 
—OF  URANUS — OF  NEPTUNE. 

(527.)  In  the  annual  circuit  of  the  earth  about  the  sun,  it  is 
constantly  attended  by  its  satellite,  the  moon,  which  revolves 
round  it,  or  rather  both  round  their  common  centre  of  gravity ; 
while  this  centre,  strictly  speaking,  and  not  either  of  the  two  bo- 
dies thus  connected,  moves  in  an  elliptic  orbit,  undisturbed  by 
their  mutual  action,  just  as  the  centre  of  gravity  of  a  large  and 
small  stone  tied  together  and  flung  into  the  air  describes  a  para- 
bola as  if  it  were  a  real  material  substance  under  the  earth's  attrac- 
tion, while  the  stones  circulate  round  it  or  round  each  other,  as  we 
choose  to  conceive  the  matter. 

(528.)  If  we  trace,  therefore,  the  real  curve  actually  described 
by  either  the  moon's  or  the  earth's  centres,  in  virtue  of  this  com- 
pound motion,  it  will  appear  to  be,  not  an  exact  ellipse,  but  an 
undulated  curve,  like  that  represented  in  the  figure  t6  article  324, 
only  that  the  number  of  undulations  in  a  whole  revolution  is  but 
13,  and  their  actual  deviation  from  the  general  ellipse,  which 
serves  them  as  a  central  line,  is  comparatively  very  much  smaller 
•—so  much  so,  indeed,  that  every  part  of  the  curve  described  by 
either  the  earth  or  moon  is  concave  towards  the  sun.  The  excur- 
sions of  the  earth  on  either  side  of  the  ellipse,  indeed,  are  so  very 
small  as  to  be  hardly  appreciable.     In  fact,  the  centre  of  gravity 
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of  the  earth  and  moon  lies  always  vnthin  the  sur&ce  of  the  earth, 
so  that  the  monthly  orbit  described  by  the  earth's  centre  about  the 
common  centre  of  gravity  is  comprehended  within  a  space  less 
than  the  size  of  the  earth  itself.  The  efiect  is^  nevertheless,  sen- 
sible, in  producing  an  apparent  monthly  displacement  of  the  sun 
in  longitude,  of  a  parallactic  kind,  which  is  called  the  menstrual 
equation  ;  whose  greatest  amount  is,  however,  less  than  the  sun's 
horizontal  parallax,  or  than  8*6". 

(529.)  The  moon,  as  we  have  seen,  is  about  60  radii  of  the 
eaith  distant  from  the  centre  of  the  latter.  Its  proximity,  there- 
fore, to  its  centre  of  attraction,  thus  estimated,  is  much  greater 
than  that  of  the  planets  to  the  sun ;  of  which  Mercury,  the  nearest, 
is  84,  and  Uranus  2026  solar  radii  from  its  centre.  It  is  owing 
to  this  proximity  that  the  moon  remains  attached  to  the  earth  as  a 
satellite.  Were  it  much  farther,  the  feebleness  of  its  gravity 
towards  the  earth  would  be  inadequate  to  produce  that  alternate 
acceleration  and  retardation  in  its  motion  about  the  sun,  which 
divests  it  of  the  character  of  an  independent  planet,  and  keeps  its 
movements  subordinate  to  those  of  the  earth.  The  one  would 
outrun,  or  be  left  behind  the  other,  in  their  revolutions  round  the 
sun  (by  reason  of  Kepler's  third  law),  according  to  the  relative 
dimensions  of  their  heliocentric  orbits,  ailer  which  the  whole  influ^* 
ence  of  the  earth  would  be  confined  to  producing  some  considera- 
ble periodical  disturbance  in  the  moon's  motion,  as  it  passed  or 
was  passed  by  it  in  each  synodical  revolution. 

(530.)  At  the  distance  at  which  the  moon  really  is  from  us,  its 
gravity  towards  the  earth  is  actually  less  than  towards  the  sun. 
That  this  is  the  case,  appears  sufficiently  from  what  we  have 
already  stated,  that  the  moon's  real  path,  even  when  between  the 
earth  and  sun,  is  concave  towards  the  latter.  But  it  will  appear 
still  more  clearly  if,  from  the  known  periodic  times*  in  which  the 
earth  completes  its  annual  and  the  moon  its  monthly  orbit,  and 
from  the  dimensions  of  those  orbits,  we  calculate  the  amounC  of 
deflection,  in  either,  from  their  tangents,  in  equal  very  minute 

*  R and  r  radii  of  two  orbits  (supposed  cirealar),  P  and  p  the  periodic  times; 
then  the  arcs  in  question  (A  and  a)  are  to  each  other  as  s-  to  ~;  and  anoe  th« 
^rsed  sines  are  as  the  squares  of  the  arcs  directly  and  the  radii  inverselj,  these 

R        r 

are  to  each  other  as  pj  ^  ^»  <^<1  ^  this  ratio  are  the  forces  acdng  on  the  revolv- 
ing  bodies  in  either  case. 
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portions  of  time,  as  one  secoDd.  These  are  the  versed  sines  of 
the  arcs  described  in  that  time  in  the  two  orbits,  and  these  are  the 
measures  of  the  acting  forces  which  produce  those  deflections.  If 
we  execute  the  numerical  calculation  in  the  case  before  us,  we 
shall  find  2-233 : 1  for  the  proportion  in  which  the  intensity  of  the 
force  which  retains  the  earth  in  its  orbit  round  the  sun  actually 
exceeds  that  by  which  the  moon  is  retained  in  Us  orbit  about  the 
earth. 

(531.)  Now  the  sun  is  399  times  more  remote  from  the  earth 
than  the  moon  is.  And,  as  gravity  increases  as  the  squares  of 
the  distances  decrease,  it  must  follow  that  at  equal  distances,  the 
intensity  of  solar  would  exceed  that  of  terrestrial  gravity  in  the 
above  proportion,  augmented  in  the  further  ratio  of  the  square  of 
400  to  1 ;  that  is,  in  the  proportion  of  355000  to  1 ;  and  there* 
fore  if  we  grant  that  the  intensity  of  the  gravitating  energy  is  com- 
mensurate with  the  mass  or  inertia  of  the  attracting  body,  we  are 
compelled  to  admit  the  mass  of  the  earth  to  be  no  more  than 
73  Auv  of  that  of  the  sun. 

(532.)  The  argument  is,  in  fact,  nothing  more  than  a  recapitu- 
lation of  what  has  been  adduced  in  Chap.  VIII.  (art.  448.)  But 
it  is  here  re-introduced,  in  order  to  show  bow  the  mass  of  a  planet 
which  is  attended  by  one  or  more  satellites  can  be  as  it  were 
weighed  against  the  sun,  provided  we  have  learned  from  observa- 
tion the  dimensions  of  the  orbits  described  by  the  planet  about  the 
sun,  and  by  the  satellites  about  the  planet,  and  also  the  periods  in 
which  these  orbits  are  respectively  described.  It  is  by  this  method 
that  the  masses  of  Jupiter,  Saturn,  Uranus,  and  Neptune  have  been 
ascertained.     (See  Synoptic  Table.) 

(533.)  Jupiter,  as  already  stated,  is  attended  by  four  satellites, 
Saturn  by  seven ;  Uranus,  certainly  by  four,  and  perhaps  by  six  ; 
and  Neptune  by  two  or  more.  These,  with  their  respective 
primaries  (as  the  central  planets  are  called),  form  in  each  case 
miniature  systems  entirely  analogous,  in  the  general  laws  by  which 
their  motions  are  governed,  to  the  great  system  in  which  the  sun 
acts  the  part  of  the  primary,  and  the  planets  of  its  satellites.  In 
each  of  these  systems  the  laws  of  Kepler  are  obeyed,  in  the  sense, 
that  is  to  say,  in  which  they  are  obeyed  in  the  planetary  system-* 
approximately,  and  without  prejudice  to  the  effects  of  mutual 
perturbation,  of  extraneous  interference,  if  any,  and  of  that  small 
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but  not  imperceptible  correction  which  arises  from  the  elliptic  form 
of  the  central  body.  Their  orbits  are  circles  or  ellipses  of  very 
'^moderate  excentricity,  the  primary  occupying  one  focus.  About 
this  they  describe  areas  very  nearly  proportional  to  the  times ;  and 
the  squares  of  the  periodical  times  of  all  the  satellites  belonging  to 
each  planet  are  in  proportion  to  each  other  as  the  cubes  of  their 
distances.  The  tables  at  the  end  of  the  volume  exhibit  a  synoptic 
view  of  the  distances  and  periods  in  these  several  systems,  so  far 
as  they  are  at  present  known ;  and  to  all  of  them  it  will  be 
observed  that  the  same  remark  respecting  their  proximity  to  their 
primaries  holds  good,  as  in  the  case  of  the  moon,  with  a  similar 
reason  for  such  close  connection. 

(534.)  Of  these  systems,  however,  the  only  one  which  has  been 
studied  with  attention  to  all  its  details,  is  that  of  Jupiter;  partly 
on  account  of  the  conspicuous  brilliancy  of  its  four  attendants, 
which  are  large  enough  to  offer  visible  and  measurable  discs  in 
telescopes  of  great  power ;  but  more  for  the  sake  of  their  eclipses, 
which,  as  they  happen  very  frequently,  and  are  easily  observed, 
afibrd  signals  of  considerable  use  for  the  determination  of  terrestrial 
longitudes  (art.  266).  This  method,  indeed,  until  thrown  into 
the  back  ground  by  the  greater  facility  and  exactness  now  attaina- 
ble by  lunar  observations  (art.  267),  was  the  best,  or  rather  the 
only  one,  which  could  be  relied  on  for  great*  distances  and  long 
intervals. 

(536.)  The  satellites  of  Jupiter  revolve  from  west  to  east  (fol- 
lowing the  analogy  of  the  planets  and  moon,)  in  planes  very  nearly, 
although  not  exactly,  coincident  with  that  of  the  equator  of  the 
planet,  or  parallel  to  its  belts.  This  latter  plane  is  inclined  3^  5' 
30"  to  the  orbit  of  the  planet,  and  is  therefore  but  little  different 
from  the  plane  of  the  ecliptic.  Accordingly,  we  see  their  orbits 
projected  very  nearly  into  straight  lines,  in  which  they  appear  to 
oscillate  to  and  fro,  sometimes  passing  before  Jupiter,  and  casting 
shadows  on  his  disc,  (which  are  very  visible  in  good  telescopes, 
like  small  round  ink  spots,  the  circular  form  of  which  is  very 
evident,)  and  sometimes  disappearing  behind  the  body,  or  being 
eclipsed  in  its  shadow  at  a  distance  from  it.  It  is  by  these  eclipses 
that  we  are  furnished  with  accurate  data  for  the  construction  of 
tables  of  the  satellites'  motions,  as  well  as  with  signals  for  deter- 
mining differences  of  longitude. 
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(536.) .  The  eclipses  of  the  satellites,  in  their  general  conception, 
are  perfectly  analogous  to  those  of  the  moon,  but  in  their  detail 
they  differ  in  sereral  particulars.  Owing  to  the  much  greater 
distance  of  Jupiter  from  the  sun,  and  its  greater  magnitude,  the 
cone  of  its  shadow  or  umbra  (art.  420,)  is  greatly  more  elongated, 
and  of  far  greater  dimension,  than  that  of  the  earth.  The  satellites 
are,  moreover,  much  less  in  proportion  to  their  primary,  their  orbits 
less  inclined  to  Us  ecliptic,  and  (comparatively  to  the  diameter  of 
the  planet)  of  smaller  dimensions,  than  is  the  case  with  the  moon. 
Owing  to  these  causes,  the  three  interior  satellites  of  Jupiter  pass 
through  the  shadow,  and  are  totally  eclipsed,  every  revolution ; 
and  the  fourth,  though,  from  the  greater  inclination  of  its  orbit,  it 
sometimes  escapes  eclipse,  and  may  occasionally  graze  as  it  were 
the  border  of  the  shadow,  and  suffer,  partial  eclipse,  yet  does  so 
comparatively  seldom,  and,  ordinarily  speaking,  its  eclipses  happen, 
like  those  of  the  rest,  each  revolution. 

(537.)  These  eclipses,  moreover,  are  not  seen,  as  is  the  case 
with  those  of  the  moon,  from  the  centre  of  their  motion,  but  from 
a  remote  station,  and  one  whose  situation  with  respect  to  the  line 
of  shadow  is  variable.  This,  of  course,  makes  no  difference  in 
the  times  of  the  eclipses,  but  a  very  great  one  in  their  visibility, 
and  in  their  apparent  situations  with  respect  to  the  planet  at  the 
moments  of  their  entering  and  quitting  the  shadow. 

(538.)  Suppose  S  to  be  the  sun,  E  the  earth  in  its  orbit  £  F  G  K, 
J  Jupiter,  and  a  b  the  orbit  of  one  of  its  satellites.  The  cone  of 
the  shadow,  then,  will  have  its  vertex  at  X,  a  point  far  beyond 

Fig.  74. 
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the  orbits  of  all  the  satellites ;  and  the  penumbra,  owing  to  the 
great  distance  of  the  sun,  and  the  consequent  smallness  of  the 
angle  (about  6'  only)  its  disc  subtends  at  Jupiter,  will  hardly 
extend,  within  the  limits  of  the  satellites'  orbits,  to  any  perceptible 
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distance  beyond  the  shadow, — ^for  which  reason  it  is  not  represented 
in  the  figure.  A  satellite  revolving  from  west  to  east  (in  the  direc- 
tion of  the  arrows)  will  be  eclipsed  when  it  enters  the  shadow  at 
a,  but  not  suddenly,  because,  like  the  moon,  it  has  a  considerable 
diameter  seen  from  the  planet;  so  that  the  time  elapsing  from  the 
first  perceptible  loss  of  light  to  its  total  extinction  will  be  that 
which  it  occupies  in  describing  tibout  Jupiter  an  angle  equal  to  its 
apparent  diameter  as  seen  from  the  centre  of  the  planet,  or  rather 
somewhat  more,  by  reason  of  the  penumbra ;  and  the  same  remark 
applies  to  its  emergence  at  6.  Now,  owing  to  the  difference  of 
telescopes  and  of  eyes,  it  is  not  possible  to  assign  the  precise 
moment  of  incipient  obscuration,  or  of  total  extinction  at  a,  nor 
that  of  the  first  glimpse  of  light  falling  on  the  satellite  at  i,  or  the 
complete  recovery  of  its  light.  The  observation  of  an  eclipse, 
then,  in  which  only  the  immersion,  or  only  the  emersion,  is  seen, 
is  incomplete,  and  inadequate  to  afibrd  any  precise  information, 
theoretical  or  practical.  But,  if  both  the  immersion  and  emersion 
can  be  observed  wUh  the  same  telescope^  and  by  the  samepersonj 
the  interval  of  the  times  will  give  the  duration,  and  their  meaa 
the  exact  middle  of  the  eclipse,  when  the  satellite  is  in  the  line 
S  J  X,  I.  e,  the  true  moment  of  its  opposition  to  the  sun.  Such 
observations,  and  such  only,  are  of  use  for  determining  the  periods 
and  other  particulars  of  the  motions  of  the  satellites,  and  for  afibrd* 
ing  data  of  any  material  use  for.  the  calculation  of  terrestrial  longi- 
tudes. The  intervals  of  the  eclipses,  it  will  be  observed,  give  die 
synodic  periods  of  the  satellites'  revolutions;  from  which  their 
sidereal  periods  must  be  concluded  by  the  method  in  art.  418. 

(539.)  It  is  evident,  from  a  mere  inspection  of  our  figure,  that 
the  eclipses  take  place  to  the  west  of  the  planet,  when  the  earth 
is  situated  to  the  west  of  the  line  S  J,  t.  e.  before  the  opposition 
of  Jupiter  ;  and  to  the  east,  when  in  the  other  half  of  its  orbit,  or 
after  the  opposition.  When  the  earth  approaches  the  opposition, 
the  visual  line  becomes  more  and  more  nearly  coincident  with  the 
direction  of  the  shadow,  and  the  apparent  place  where  the  eclipses 
happen  will  be  continually  nearer  and  nearer  to  the  body  of  the 
planet.  When  the  earth  comes  to  F,  a  point  determined  by  draw- 
ing i  F  to  touch  the  body  of  the  planet,  the  emersions  will  cease 
to  be  visible,  and  will  thenceforth,  up  to  the  time  of  the  opposi* 
tion,  happen  behind  the  disc  of  the  planet.    Similarly,  from  the 
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opi^iositioD  till  the  time  ivben  the  earth  arrives  at  I,  a  point  deter- 
mined by  drawing  a  I  tangent  to  the  eastern  limb  of  Jupiter,  the 
immersions  will  be  concealed  from  our  view.  When  the  earth 
arrives  at  G  (or  H)  the  immersion  (or  emersion)  will  happen  at 
the  very  edge  of  the  visible  disc,  and  when  between  G  and  H  (a 
very  small  space),  the  satellites  will  pass  umclipsed  behind  the  limb 
of  the  planet. 

(540.)  Both  the  satellites  and  their  shadows  are  frequently  ob- 
served  to  transit  or  pass  across  the  disc  of  the  planet.  When  a 
satellite  comes  to  m,  its  shadow  will  be  thrown  on  Jupiter,  and 
will  appear  to  move  across  it  as  a  black  spot  till  the  satellite  comes 
to  71.  But  the  satellite  itself  will  not  appear  to  enter  on  the  disc 
till  it  comes  up  to  the  line  drawn  from  £  to  the  eastern  edge  of 
the  disc,  and  will  not  leave  it  till  it  attains  a  similar  line  drawn  to 
the  western  edge.  It  appears  then  that  the  shadow  will  precede 
the  satellite  in  its  progress  over  the  disc  before  the  opposition  of 
Jupiter,  and  vice  versd.  In  these  transits  of  the  satellites,  which, 
with  very  powerful  telescopes,  may  be  observed  with  great  pre- 
cision, it  frequently  h&ppens  that  the  satellite  itself  is  discernible 
on  the  disc  as  a  bright  spot  if  projected  on  a  dark  belt ;  but  occa- 
sionally also  as  a  dark  spot  of  smaller  dimensions  than  the  shadow. 
This  curious  fact  (observed  by  Schroeter  and  Harding)  has  led  to 
a  conclusion  that  certain  of  the  satellites  have  occasionally  on  their 
own  bodies,  or  in  their  atmospheres,  obscure  spots  of  great  extent. 
We  say  of  great  extent ;  for  the  satellites  of  Jupiter,  small  as  they 
appear  to  us,  are  really  bodies  of  considerable  size,  as  the  follow- 
ing comparative  table  will  show  :* — 


Mean  apparent 
diameter  as  seen 
from  the  ISarth. 

Mean  apparent 

diameter  as  seen 

from  Jupiter. 

Diameter  in 
miles. 

Mas8.t 

Jupiter 
Ist  satellite 
2d 
8d 

88"-827 
1-017 
0-911 
1-488 
1-278 

88'    11" 

17  86 

18  0 
8     46 

87000 
2508 
2068 
8877 
2890 

1-0000000 
0-0000178 
0-0000282 
0-0000885 
0-0000427 

From  which  it  follows,  that  the  first  satellite  appears  to  a  spectator 
on  Jupiter,  as  large  as  our  moon  to  us;  the  second  and  third  nearly 
equal  to  each  other,  and  of  somewhat  more  than  half  the  apparent 

*  Struve,  Mem.  Art  Soc.  in.  801.       t  Laplace,  Mee.  CeL  liv.  viii.  §  27. 
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diameter  of  the  first,  and  the  fourth  aboat  one  quarter  of  that 
diameter.  So  seen,  they  will  frequently,  of  course,  eclipse  one 
another,  and  cause  eclipses  of  the  sun  (the  latter  visible,  however, 
only  over  a  very  small  portion  of  the  planet),  and  their  motions 
and  aspects  with  respect  to  each  other  must  offer  a  perpetual 
variety  and  singular  and  pleasing  interest  to  the  inhabitants  of 
their  primary. 

(641.)  Besides  the  eclipses  and  the  transits  of  the  satellites 
across  the  disc,  they  may  also  disappear  to  us  when  not  eclipsed, 
by  passing  behind  the  body  of  the  planet.  Thus,  when  the  earth 
is  at  E,  the  immersion  of  the  satellite  will  be  seen  at  a,  and  its 
emersion  at  6,  both  to  the  west  of  the  planet,  after  which  the 
satellite,  still  continuing  its  course  in  the  direction  a  &,  will  pass 
behind  the  body,  and  again  emerge  on  the  opposite  side,  after  an 
interval  of  occultation  greater  or  less  according  to  the  distance  of 
the  satellite.  This  interval  (on  account  of  the  great  distance  of 
the  earth  compared  with  the  radii  of  the  orbits  of  the  satellites) 
varies  but  little  in  the  case  of  each  satellite,  being  nearly  equal  to 
the  time  which  the  satellite  requires  to  describe  an  arc  of  its  orbit, 
equal  to  the  angular  diameter  of  Jupiter  as  seen  from  its  centre, 
which  time,  for  the  several  satellites,  is  as  follows:  viz.,  for  the 
first,  2^  20°* ;  for  the  second  2^  56"^ ;  for  the  third,  3^  43»;  and 
for  the  fourth,  4^  56°^;  the  corresponding  diameters  of  the  planet 
as  seen  from  these  respective  satellites  being,  19^  49' ;  12o  25' ; 
1^  47' ;  and  4^  25'.*  Before  the  opposition  of  Jupiter,  these  occul- 
tations  of  the  satellites  happen  q/ler  the  eclipses :  after  the  oppo- 
sition (when,  for  instance,  the  earth  is  in  the  situation  K),  the 
occultations  take  place  before  the  eclipses.  It  is  to  be  observed 
that  owing  to  the  proximity  of  the  orbits  of  the  first  and  second 
satellites  to  the  planet,  both  the  immersion  and  emersion  of  either 
of  them  can  never  be  observed  in  any  single  eclipse,  the  immer- 
sion  being  concealed  by  the  body,  if  the  planet  be  past  its  oppo- 
sition, the  emersion  if  not  yet  arrived  at  it.  So  also  of  the 
occultation.  The  commencement  of  the  occultation,  or  the  pas- 
sage of  the  satellite  behind  the  disc,  takes  place  while  obscured 
by  the  shadow,  before  opposition,  and  its  re-emergence  after.  All 
these  particulars  will  be  easily  apparent  on  mere  inspection  of  the 

*  These  data  are  taken  approximately  from  Mr.  Woolhouae's  paper  in  the  sap> 
plement  to  the  Nautical  Almanack  for  1836. 
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figure  (art.  536).  It  is  only  duriog  the  short  time  that  the  earth 
IS  in  the  arc  G  H  (i.  e.  between  the  sun  and  Jupiter),  that  the  cone 
of  the  shadow  converging  (whUe  that  of  the  visual  rays  diverges) 
behind  the  planet,  permits  their  occultations  to  be  completely 
observed  both  at  ingress  and  egress,  unobscured,  the  eclipses 
being  then  invisible. 

(542.)  An  extremely  singular  relation  subsists  between  the  mean 
angular  velocities  or  mean  motions  (as  they  are  termed)  of  the  three 
first  satellites  of  Jupiter.  If  the  mean  angular  velocity  of  the  first 
satellite  be  added  to  twice  that  of  the  third,  the  sum  will  equal 
three  times  that  of  the  second.  From  this  relation  it  follows,  that 
if  from  the  meah  longitude  of  the  first  added  to  twice  that  of  the 
third,  be  subducted  three  times  that  of  the  second,  the  remainder 
will  always  be  the  same,  or  constant,  and  observation  informs  us 
that  this  constant  is  180^,  or  two  right  angles ;  so  that,  the  situa- 
tions of  any  two  of  them  being  given,  that  of  the  third  may  be 
found.  It  has  been  attempted  to  account  for  this  remarkable  fact, 
on  the  theory  of  gravity  by  their  mutual  action ;  and  Laplace  has 
demonstrated,  that  if  this  relation  were  at  any  one  epoch  approxi- 
mately true,  the  mutual  attractions  of  the  satellites  would,  in  pro- 
cess of  time,  render  it  exactly  so.  One  curious  consequenee  is, 
that  these  three  satellites  cannot  be  all  eclipsed  at  once ;  for,  in 
consequence  of  the  last-mentioned  relation,  when  the  second  and 
third  lie  in  the  same  direction  from  the  centre,  the  first  must  lie  on 
the  opposite ;  and  therefore,  when  at  such  a  conjuncture  the  first 
is  eclipsed,  the  other  two  must  lie  between  the  sun  and  planet, 
throwing  its  shadow  on  the  disc,  and  vice  versd. 

(543.)  Although,  however,  for  the  above  mentioned  reason,  the 
satellites  cannot  be  all  eclipsed  at  once,  yet  it  may  happen,  and 
occasionally  does  so,  that  all  are  either  eclipsed,  occulted,  or  pro^ 
jected  on  the  body,  in  which  case  they  are,  generally  speaking, 
equally  invisible,  since  it  requires  ai\  excellent  telescope  to  discern 
a  satellite  on  the  body,  except  in  peculiar  circumstances.  In- 
stances of  the  actual  observations  of  Jupiter  thus  denuded  of  its 
usual  attendance  and  offering  the  appearance  of  a  solitary  disc, 
though  rare,  have  been  more  than  once  recorded.  The  first  occa- 
sion in  which  this  was  noticed  was  by  JVIoIyneux,  on  November 
2d,  (old  style)  1681.*    A  similar  observation  is  recorded  by  Sir 

*  Molyneux,  OpticB,  p.  271. 


820  OUTLIKBS  OS*  ASTROKOlfT. 

W.  Herschel  as  made  by  him  on  May  23d,  1802.  The  pheno- 
menon has  also  been  observed  by  Mr.  Wallis,  on  April  15th, 
1826  ;  (in  which  case  the  deprivation  continued  two  whole  hours ;) 
and  lastly  by  Mr.  H.  Griesbach,  on  September  27th,  1843. 

(544.)  The  discovery  of  Jupiter's  satellites,  one  of  the  first  fruits 
of  the  invention  of  the  telescope,  and  of  Gralileo's  early  and  happy 
idea  of  directing  its  new-found  powers  to  the  examination  of  the 
heavens,  forms  one  of  the  most  memorable  epochs  in  the  history 
of  astronomy.  The  first  astronomical  solution  of  the  great  pro<- 
blem  of  "  the  longitude^^ — practically  the  most  important  for  the 
interests  of  mankind  which  has  ever  been  brought  under  the 
dominion  of  strict  scientific  principles,  dates  immediately  from 
their  discovery.  The  final  and  conclusive  establishment  of  the 
Copernican  system  of  astronomy  may  also  be  considered  as  refer- 
able to  the  discovery  and  study  of  this  exquisite  miniature  system, 
in  which  the  laws  of  the  planetary  motions,  as  ascertained  by 
Kepler,  and  especially  that  which  connects  their  periods  and  dis- 
tances, were  speedily  traced,  and  found  to  be  satisfactorily  main- 
tained. And  (as  if  to  accumulate  historical  interest  on  this  point) 
it  is  to  the  observation  of  their  eclipses  that  we  owe  the  grand 
discovery  of  the  aberration  of  light,  and  the  consequent  determi- 
nation of  the  enormous  velocity  of  that  wonderful  element.  This 
we  must  explain  now  at  large. 

(545.)  The  earth's  orbit  being  concentric  with  that  of  Jupiter 
and  interior  to  it  (see;^^.  art.  536),  their  mutual  distance  is  con- 
tinually varying,  the  variation  extending  from  the  sum  to  the  differ^ 
ence  of  the  radii  of  the  two  orbits ;  and  the  difference  of  the  greater 
and  least  distances  being  equal  to  a  diameter  of  the  earth's  orbit. 
Now,  it  was  observed  by  Roemet,  (a  Danish  astronomer,  in  1675,) 
on  comparing  together  observations  of  eclipses  of  the  satellites 
during  many  successive  years,  that  the  eclipses  at  and  about  the 
opposition  of  Jupiter  (or  its  nearest  point  to  the  earth)  took  place 
too  soon — sooner,  that  is,  than,  by  calculation  from  an  average,  he 
expected  them ;  whereas  those  which  happened  when  the  earth 
was  in  the  part  of  its  orbit  most  remote  from  Jupiter  were  always 
too  late.  Connecting  the  observed  error  in  their  computed  times 
with  the  variation  of  distance,  he  concluded,  that,  to  make  the 
calculation  on  an  a\'erage  period  correspond  with  fact,  an  allow- 
ance in  respect  of  time  behoved  to  be  made  proportional  to  the 
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excess  or  defect  of  Jupiter's  distance  from  the  earth  above  or 
below  its  average  amount,  and  such  that  a  difference  of  distance 
of  one  diameter  of  the  earth's  orbit  should  correspond  to  16"* 
26'-6  of  time  allowed.  Speculating  on  the  probable  physica 
cause,  he  was  naturally  led  to  think  of  a  gradual  instead  of  an 
instantaneous  propagation  of  light.  This  explained  every  particular 
of  the  observed  phenomenon,  but  the  velocity  required  (192000 
miles  per  second)  was  so  great  as  to  startle  many,  and,  nt  all 
events,  to  require  confirmation.  This  has  been  aflbrded  since, 
and  of  the  most  unequivocal  kind,  by  Bradley's  discovery  of  the 
aberration  of  light  (art.  329).  The  velocity  of  light  deduced  from 
this  last  phenomenon  differs  by  less  than  one  eightieth  of  its 
amount  from  that  calculated  from  the  eclipses,  and  even  this  dif- 
ference  will  no  doubt  be  destroyed  by  nicer  and  more  rigorously 
reduced  observations. 

(546.)  The  orbits  of  Jupiter's  satellites  are  but  little  ezcentrie, 
those  of  the  two  interior,  indeed,  have  no  perceptible  excentricity. 
Their  mutual  action  produces  in  them  perturbations  analogous  to 
those  of  the  planets  about  the  sun,  and  which  have  been  diligently 
investigated  by  Laplace*  and  others.  By  assiduous  observation  it 
has  been  ascertained  that  they  are  subject  to  marked  fluctuations 
in  respect  of  brightness,  and  that  these  fluctuations  happen  peri-* 
odically,  according  to  their  position  with  respect  to  the  sun. 
From  this  it  has  been  concluded,  apparently  with  reason,  that  they 
turn  on  their  axes,  like  our  moon,  in  periods  equal  to  their  re« 
spective  sidereal  revolutions  about  their  primary. 

(547.)  The  satellites  of  Saturn  have  been  much  less  studied 
than  those  of  Jupiter,  being  far  more  difficult  to  observe.  The 
most  distant  has  its  orbit  materially  inclined  (no  less  than  12^  14')* 
to  the  plane  of  the  ring,  with  which  the  orbits  of  all  the  rest  nearly 
coincide.  Nor  is  this  the  only  circumstance  which  separates  it  by 
a  marked  difference  of  character  from  the  system  of  the  six  inte- 
rior  ones,  and  renders  it  in  some  sort  an  anomalous  member  of  the 
Saturnian  system.  Its  distance  from  the  planet's  centre  exceeds 
in  the  proportion  of  nearly  three  to  one  that  of  the  most  distant  of 
all  the  rest,  being  no  less  than  64  times  the  radius  of  the  globe  of 
Saturn,  a  distance  from  the  primary  to  which  our  own  moon  (at  60 
radii)  offers  the  only  parallel.    Its  variation  of  light  also  in  differ- 

*  Lakmde,  Astroii.  Art  9076. 
21 
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ent  parts  of  its  orbit  is  very  much  greater  than  in  the  case  of  any 
other  secondary  planet.  Dominic  Cassini  indeed  (its  first  disco- 
verer, A.  D.  1671)  found  it  to  disappear  for  nearly  half  its  revolu- 
tion,  when  to  the  east  of  Satam^  and  though  the  more  powerful 
telescopes  now  in  use  enable  us  to  follow  it  round  the  whole  of  it^ 
circuit,  its  diminution  of  light  is  so  great  in  the  eastern  half  of  its 
orbit  as  to  render  it  somewhat  difficult  to  perceive.  From  this 
circumstance  (viz.  from  the  defalcation  of  light  occurring  con- 
stantly on  the  same  side  of  Saturn  as  seen  from  the  earthy  the 
visual  ray  from  which  is  never  very  oblique  to  the  direction  in 
which  the  sun's  light  falls  on  it)  it  is  presumed  with  much  cer- 
'tainty  that  this  satellite  revolves  on  its  axis  in  the  exact  time  of 
rotation  about  the  primary ;  as  we  know  to  be  the  case  with  the 
moon,  and  as  there  is  considerable  ground  for  believing  to  be  so 
with  all  secondaries. 

(548.)  The  next  satellite  in  order  proceeding  inwards  (the  first 
in  order  of  discovery)*  is  by  far  the  largest  and  most  conspicuous 
of  all,  and  is  probably  not  much  inferior  to  Mars  in  size.  It  is  the 
only  one  of  the  number  whose  theory  and  perturbations  have  been 
at  all  inquired  intof  further  than  to  verify  Kepler's  law  of  the 
periodic  times,  which  holds  good,  mutatis  mutandis^  and  under  the 
requisite  reservations,  in  this,  as  in  the  system  of  Jupiter.  The 
three  next  satellites  still  proceeding  inwards]:  are  very  minute  and 
require  pretty  powerful  telescopes  to  see  them ;  while  the  two  in- 
terior satellites  which  just  skirt  the  edge  of  the  ring§  can  only  be 
seen  with  telescopes  of  extraordinary  power  and  perfection,  and 
under  the  most  favourable  atmospheric  circumstances.  At  the 
epoch  of  their  discovery  they  were  seen  to  thread,  like  beads,  the 
almost  infinitely  thin  fibre  of  light  to  which  the  ring  then  seen 
edgeways  was  reduced,  and  for  a  short  time  to  advance  off  it  at 
either  end,  speedily  to  return,  and  hastening  to  their  habitual  con- 
cealment behind  the  body.  II 

*  By  HuyghenB»  March  25,  1655. 

f  Bj  Benel,  Astr.  Naehr.  Nos.  193,  314. 

^  Diicoverod  by  Dominic  Caniiii  in  1S7S  and  1684. 

§  Discovered  by  8ir  William  Herschel  in  1789. 

I  Considerable  confiiaion  prevails  in  the  nomendature  of  the  Satumian  syBtem, 
owing  to  the  order  of  diacoveiy  notoomciding  with  that  of  distances.  Aatronomera 
have  not  yet  agreed  whether  to  call  the  two  interior  satellites  the  6th  and. 7th 
(reckoning  inward)  and  the  older  ones  the  1st,  2d,  Sd,  4th,  and  5th,  reckoning  out- 
ward ;  or  to  oommenoe  with  the  innermoit  and  reckon  outwards,  from  1  to  7«  This 
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(549.)  Owmg  to  the  obliquity  of  the  ring  and  of  the  orbits  of 
the  satellites  to  Saturn's  ecliptic,  there  are  no  eclipses,  occultations, 
or  transits  of  these  bodies  or  their  shadows  across  the  disc  of  their 
primary  (the  interior  ones  excepted),  until  near  the  time  when  the 
ring  is  seen  edgewise,  tad  when  they  do  take  place,  their  ob- 
servation is  attended  with  too  much  difficulty  to  be  of  any  practical 
use,  like  the  eclipses  of  Jupiter's  satellites,  for  the  determination 
of  longitudes,  for  which  reason  they  have  been  hitherto  little  at- 
tended to  by  astronomers. 

*  (550.)  A  remarkable  relation  subsists  between  the  periodic 
times  of  the  two  interior  satellites  of  Saturn,  and  those  of  the  two 
next  in  order  of  distance ;  viz.  that  the  period  of  the  third  (Te- 
tbys)  is  double  that  of  the  first  (Mimas),  and  that  of  the  fourth 
(Dione)  double  that  of  the  second  (Enceladus).  The  coincidence 
is  exact  in  either  case  to  about  one  800th  part  of  the  larger  period. 

(551.)  The  satellites  of  Uranus  require  very  powerful  and  per- 
fect telescopes  for  their  observation.  Two  are,  however,  much 
more  conspicuous  than  the  rest,  and  their  periods  and  distances 
from  the  planet  have  been  ascertained  with  tolerable  certainty. 
They  are  the  second  and  fourth  of  those  set  down  in  the  synoptic 
table.  Of  the  remaining  four,  whose  existence,  though  announced 
with  considerable  confidence  by  their  original  discoverer,  could 
hardly  be  regarded  as  fully  demonstrated,  two  only  have  been 
hitherto  reobserved ;  viz.  the  first  of  our  table,  interior  to  the  two 
lai^r  ones,  by  the  independent  observations  of  Mr.  Lassell,^  and 
M.  Otto  Struve,t  ^^^  the  fourth,  intermediate  between  the  larger 

oonfuiion  has  been  attempted  to  be  obmtod  bj  a  mythological  nomendaturei  ia 
ooneonaiice  with  that  at  length  completely  estabiished  for  the  primary  planeiti. 
Taking  the  names  of  the  Titanian  divinities,  the  following  pentameters  afford  an 
easy  artificial  memory,  commencing  with  the  most  distant. 

lapetns,  Titan  ;  Rhea,  Dione,  Tetfays ;  (pron.  TSthys) 
Enceladus,  Mimas  " 

It  is  worth  remarking  that  Simon  Marios,  who  disputed  the  priority  of  the  disco* 
▼eiy  of  Jupiter's  satellites  with  Galileo,  pruposed  for  them  mythological  names,  viz  : 
— ^lo,  Europa,  Ganymede,  and  Callisto.  The  revival  of  these  names  would  savour 
of  a  preference  of  Marius's  claim,  which,  even  if  an  absolute  priority  were  conceded 
(which  it  IS  not),  would  still  leave  Galileo's  general  claim  to  the  use  of  the  tele- 
scope as  a  means  of  astrouomical  discovery  intact  But  in  the  case  of  Jupiter's 
satellites  there  exists  no  confusion  to  rectify.  They  are  constantly  referred  to  by 
their  numerical  designations  in  every  almanack. 

*  September  14th  to  November  9th,  1847. 

t  October  8tfa  to  December  10th,  1847. 
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ones,  by  the  former  of  these  astronomers.  The  remaining  two,  if 
future  observation  should  satisfactorily  establish  their  real  exist- 
ence, will  probably  be  found  to  revolve  in  orbits  exterior  to  all 
these. 

(552.)  The  orbits  of  these  satellites  offer  remaHcable,  and,  in- 
deed, quite  unexpected  and  unexampled  peculiarities.  Contrary 
to  the  unbroken  analogy  of  the  /whole  planetary  system — whether 
of  primaries  or  secondaries — ^the  planes  of  their  orbits  are  nearly 
perpendicular  to  the  ecliptic^  being  inclined  no  less  than  78^  58'  to 
that  plane,  and  in  these  orbits  their  motions  are  retrograde;  that 
is  to  say,  their  positions,  when  projected  on  the  ecliptic,  instead 
of  advancingyrofTi  west  to  east  round  the  centre  of  their  primary^ 
as  is  the  case  with  every  other  planet  and  satellite,  move  in  the 
opposite  direction.  Their  orbits  are  nearly  or  quite  circular,  and 
they  do  not  appear  to  have  any  sensible,  or,  at  least,  any  rapid 
motion  of  nodes,  or  to  have  undergone  any  material  change  of  in- 
clination, in  the  course,  at  least,  of  half  a  revolution  of  their  pri- 
mary round  the  sun.  When  the  earth  is  in  the  plane  of  thar 
orbits  or  nearly  so,  their  apparent  paths  are  straight  lines  or  very 
elongated  ellipses,  in  which  case  they  become  invisible,  their 
feeble  light  being  effaced  by  the  superior  light  of  the  planet,  long 
before  they  come  up  to  its  disc,  so  that  the  observation  of  any 
eclipses  or  occultattons  they  may  undergo  is  quite  out  of  the  ques- 
tion with  our  present  telescopes. 

(553.)  If  the  observation  of  the  satellites  of  Uranus  be  difficult, 
those  of  Neptune,  owing  to  the  immense  distance  of  that  planet, 
may  be  readily  imagined  to  offer  still  greater  difficulties.  Of  the 
existence  of  one,  discovered  by  Mr.  Lassell,*  there  can  remain  no 
doubt,  it  having  also  been  observed  by  other  astronomers,  both  in 
Europe  and  America.  According  to  M.  Otto  Struvef  its  orbit  is 
inclined  to  the  ecliptic  at  the  considerable  angle  of  35^ ;  but 
whether,  as  in  the  case  of  the  satellites  of  Uranus,  the  direction  of 
its  motion  be  retrograde,  it  is  not  possible  to  say,  until  it  shall 
have  been  longer  observed. 

•  On  July  8ih,  1847. 

I  AstroiL  Nachr.  No.  629|  from  his  own  obiervatioD%  September  11th  lo  De- 
cember 20th,  1847. 


CHAPTER  XI. 

Of  COMETS. 

GREAT  NtJMBEB  OF  RECORDED  COMETS. — THE  NUMBER  OF  THOSE 
^RECORDED  PROBABLY  MTTCH  GREATER.— GENERAL  DESCRIP* 
TION  OF  A  COMET. — COMETS  WITHOUT  TAILS,  OR  WITH  MORE 
THAN  ONE. —THEIR  EXTREME  TENUITY.  —  THEIR  PROBABLE 
STRUCTURE.— MOTIONS  CONFORMABLE  TO  THE  LAW  OF  GRAVITY. 
—ACTUAL  DIMENSIONS  OF  COMETS. — PERIODICAL  RETURN  OF 
SEYERAL.^HALLEY's  C0MBT.-.^THER  ancient  comets  PROBABLY 
PERIODIC. — ^ENCKE's    COMET. — BIELA^S. — FAYE's, — ^LEXELL^S.-^ 

D£  YICO^S. — ^BRORSEn's. — PETERS's GREAT   COMET  OF   1843.-^ 

ITS  PROBABLE  ipENTITY  WITH  SEVERAL  OLDER  COMETS. — ^GREAT 
INTEREST  AT  PRESENT  ATTACHED  TO  COMETARY  ASTONOBTY,  AND 
rrs  REASONS. — REMARKS  ON  COMETARY  ORBITS  IN  GENERAL. 

(554.)  The  extraordinary  aspect  of  comets,  their  rapid  and  seem- 
ingly irregular  motions,  the  unexpected  manner  in  which  they  often 
burst  upon  us,  and  the  imposing  magnitudes  which  they  occasion- 
ally assume,  have  in  all  ages  rendered  them  objects  of  astonish- 
ment, not  unmixed  with  superstitious  dread  to  the  uninstructed, 
and  an  enigma  to  those  most  conversant  with  the  wonders  of 
creation  and  the  operations  of  natural  causes.  Even  now,  that 
we  have  ceased  to  regard  their  movements  as  irregular,  or  as 
governed  by  other  laws  than  those  which  retain  the  planets  in 
their  orbits,  their  intimate  nature,  and  the  offices  they  perform  in 
the  economy  of  our  system,  are  as  much  unknown  as  ever.  No 
distinct  and  satisfactory  account  has  yet  been  rendered  of  those 
immensely  voluminous  appendages  which  they  bear  about  with 
them,  and  which  are  known  by  the  name  of  their  tails,  (though 
improperly,  since  they  often  precede  them  in  their  motions,)  any 
more  than  of  several  other  singularities  which  they  present. 

(555.)  The  number  of  comets  which  have  been  astronomically 
observed,  or  of  which  notices  have  been  recorded  in  history,  is 
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very  great,  amounting  to  several  hundreds  f  and  when  we  consider 
that  in  the  earlier  ages  of  astronomy,  and  indeed  in  more  recent 
times,  before  the  invention  of  the  telescope,  only  large  and  con- 
spicuous ones  were  noticed ;  and  that,  since  due  attention  has 
been  paid  to  the  subject,  scarcely  a  year  has  passed  without  the 
observation  of  one  or  two  of  these  bodies,  and  that  sometimes  two 
and  even  three  have  appeared  at  once ;  it  will  be  easily  supposed 
that  their  actual  number  must  be  at  least  many  thousands.  Multi- 
tudes, indeed,  must  escape  all  observation,  by  reason  of  their  paths 
traversing  only  that  part  of  the  heayens  which  is  above  the  horizon 
in  the  daytime.  Comets  so  circumstanced  can  only  become  visi- 
ble by  the  rare  coincidence  of  a  total  eclipse  of  the  sun, — a  coin- 
cidence which  happened,  as  related  by  Seneca,  sixty-two  years 
before  Christ,  when  a  large  comet  was  actually  observed  very  near 
the  sun.  Several,  however,  stand  on  record  as  having  been  bright 
enough  to  be  seen  with  the  naked  eye  in  the  daytime,  even  at 
noon  and  in  bright  sun^ine.  Such  were  the  cometsof  1402, 1532, 
and  1843,  and  that  of  43  b.  c.,  which  appeareed  during  the  games 
celebrated  by  Augustus  in  honour  of  Venus  shortly  after  the  death 
of  Caesar,  and  which  the  flattery  of  poets  declared  to  be  the  soul 
of  that  hero  taking  its  place  among  the  divinities. 

(556.)  That  feelings  of  awe  and  astonishment  should  be  excited 
by  the  sudden  and  unexpected  appearance  of  a  great  comet,  is  no 
way  surprising ;  being,  in  fact,  according  to  the  accounts  we  have 
of  such  events,  one  of  the  most  imposing  of  all  natural  phenomena. 
Comets  consist  for  die  most  part  of  a  large  and  more  or  less 
splendid,  but  ill  defined  nebulous  mass  of  light,  called  the  head, 
which  is  usually  much  brighter  towards  its  centre,  and  offers  the 
appearance  of  a  vivid  nucleus^  like  a  star  or  planet.  From  the 
head,  and  in  a  direction  opposite  to  that  in  which  the  sun  is  situated 
from  the  comet  appear  to  diverge  two  streams  of  light,  which  grow 
broader  and  more  diffused  at  a  distance  from  the  head,  and  which 

*  See  catalogues  in  the  Almagest  of  RiodoK ;  Pingr^'s  Cometographie ;  Delam" 
bre's  Astron.  vol.  iii. ;  Aatronomische  Abhandlungen,  No.  1,  (which  contains  the 
elements  of  all  the  orbits  of  comets  which  have  been  computed  to  the  time  of  its 
publication,  1833) ;  also  a  catalogue,  by  the  Rev.  T.  J.  Huasey,  Lond.  Sc  Ed.  Phil 
Mag.  vol.  ii.  No.  9,etseq.  In  a  list  cited  by  Lalande  from  the  1st  toI.  of  the 
Tables  de  Berlin »  700  comets  are  enumerated.  See  also  notices  of  the  Astronomi- 
cal Society  and  Aetron.  Nachr.  passim.  A  great  many  of  the  more  ancient  eometa 
are  recorded  in  the  Chinese  Annals,  and  in  some  cases  with  sufficient  predaon  to 
allow  of  the  calculation  of  rudely  approximate  orbits  from  their  motions  so  descr&ed. 
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most  commonly  close  in  and  unite  at  a  little  distance  behind  it,  but 
sometimes  continue  distinct  for  a  great  part  of  their  course ;  pro- 
ducing an  efieot  like  that  of  the  trains  left  by  some  bright  meteors,  or 
like  the  dirergiog  fire  of  a  sky-rocket  (only  without  sparks  or  per- 
ceptible motion).  This  is  the  tail.  This  magnificent  appendage 
attains  occasionally  an  immense  apparent  length.  Aristotle  relates 
of  the  tail  of  the  comet  of  371  b.  c,  that  it  occupied  a  third  of  the 
hemisphere,  or  60^ ;  that  of  a.  d.  1618  is  stated  to  hare  been 
attended  by  a  train  no  less  than  104^  in  length.  The  comet  of 
1680,  the  most  celebrated  of  modem  times,  and  on  many  accounts 
the  most  remarkable  of  all,  with  a  head  not  exceeding  in  bright- 
ness a  star  of  the  second  magnitude,  covered  with  its  tail  an  extent 
of  more  than  70^  of  the  heavens,  or,  as  some  accounts  state,  90^ ; 
that  of  the  comet  of  1769  extended  97^,  and  that  of  the  last  great 
comet  (1843)  was  estimated  at  about  65°  when  longest.  .  The 
%ufc  {JV'  %  Plate  II.)  is  a  representation  of  the  comet  of  1819 
— by  no  means  one  of  the  most  considerable,  but  which  was,  how- 
ever, very  conspicuous  to  the  naked  eye. 

(557.)  The  tail  is,  however,  by  no  means  an  invariable  append- 
age of  comets.  Many  of  the  brightest  have  been  observed  to  have 
short  and  feeble  tails,  and  a  few  great  comets  have  been  entirely 
without  them.  Those  of  1585  and  1763  offered  no  vestige  of  a 
tail ;  and  Cassini  describes  the  comets  of  1665  and  1682  as  being 
as  round*  and  as  well  defined  as  Jupiter.  On  the  other  hand,  in- 
stances are  not  wanting  of  comets  furnished  with  many  tails  or 
streams  of  diverging  light.  That  of  1744  had  no  less  than  six, 
spread  out  like  an  immense  fan,  extending  to  a  distance  of  nearly 
30°  in  length.  The  small  comet  of  1823  had  two,  making  an 
angle  of  about  160°,  the  brigher  turned  as  usual  from  the  sun,  the 
fainter  towards  it,  or  nearly  so.  The  tails  of  comets,  too,  are  often 
somewhat  curved,  bending,  in  general,  towards  the  region  which 
the  comet  has  left,  as  if  moving  somewhat  more  slowly,  or  as  if 
resisted  in  their  course. 

(558.)  The  smaller  comets,  such  as  are  visible  only  in  telescopes, 

*  This  description  however  applies  to  the  "  disc"  of  the  head  of  these  comets  as 
Men  in  a  telescope.  Cassini's  expressions  are,  *'  aussi  rond,  anssi  net,  et  auasi  clair 
i)oe  Jupiter,"  (where  it  ia  to  be  observed  that  the  latter  epithet  must  by  no  means 
be  translated  bright).  To  understand  this  passage  fully,  the  reader  must  reftr  to 
the  description  given  further  on,  of  the  "  disc"  of  Halley's  comet,  after  its  perihelion 
passage  in  1835^6. 
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or  with  difficulty  by  the  naked  eye,  and  which  are  by  far  the  most 
numerous,  offer  very  frequently  no  appearance  of  a  tail,  and  appear 
only  as  round  or  somewhat  oval  vaporous  masses,  more  dense 
towards  the  centre,  where,  however,  they  appear  to  have  no  dis- 
tinct nucleus,  or  any  thing  which  seems  entitled  to  be  considered 
as  a  solid  body.  Stars  of  the  smallest  magnitudes  remain  distinctly 
visible,  though  covered  by  what  appears  to  be  the  densest  por- 
tion of  their  substance ;  although  the  same  stars  would  be  completely 
obliterated  by  a  moderate  fog,  extending  only  a  few  yards  from 
the  surface  of  the  earth.  And  since  it  is  an  observed  &ct,  that 
even  those  larger  comets  which  have  presented  the  appearance  of 
a  nucleus  have  yet  exhibited  no  phases^  though  we  cannot  doubt 
that  they  shine  by  the  reflected  solar  light,  it  follows  that  even 
these  can  only  be  regarded  as  great  masses  of  thin  vapour,  suscep- 
tible of  being  penetrated  through  their  whole  substance  by  the  sun- 
beams, and  reflecting  them  alike  from  their  interior  parts  and  from 
their  surfaces.  Nor  will  anyone  regard  this  explanation  as  forced, 
or  feel  disposed  to  resort  to  a  phosphorescent  quality  in  the  comet 
itself,  to  account  for  the  phenomena  in  question,  when  we  consider 
(what  will  be  hereafter  shown)  the  enormous  magnitude  of  the 
space  thus  illuminated,  and  the  extremely  small  mass  which  there 
is  ground  to  attribute  to  these  bodies.  It  will  then  be  evident 
that  the  most  unsubstantial  clouds  which  float  in  the  highest 
regions  of  our  atmosphere,  and  seem  at  sunset  to  be  drenched  in 
light,  and  to  glow  throughout  their  whole  depth  as  if  in  actual 
ignition,  without  any  shadow  or  dark  side,  must  be  looked  upon 
as  dense  and  massive  bodies  compared  with  the  filmy  and  all  but 
spiritual  texture  of  a  comet.  Accordingly,  whenever  powerful 
telescopes  have  been  turned  on  these  bodies,  they  have  not  failed 
to  dispel  the  illusion  which  attributes  solidity  to  that  more  con- 
densed part  of  the  head,  which  appears  to  the  naked  eye  as  a 
nucleus ;  though  it  is  true  that  in  some,  a  very  minute  stellar  point 
has  been  seen,  indicating  the  existence  of  a  solid  body. 

(559.)  It  is  in  all  probability  to  the  feeble  coercion  of  the  elastic 
power  of  their  gaseous  parts,  by  the  gravitation  of  so  small  a 
central  mass,  that  we  must  attribute  this  extraordinary  develop- 
ment of  the  atmospheres  of  comets.  If  the  earth,  retaining  its 
present  size,  were  reduced,  by  any  internal  change  (as  by  hollowing 
out  its  central  parts)  to  one  thousandth  part  of  its  actual  mass,  its 
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coercive  power  over  the  atmosphere  would  be  diminished  in  the 
same  proportion,  and  in  consequence  the  latter  would  expand  to 
a  thousand  times  its  actual  bulk ;  and  indeed  much  more,  owing 
to  the  still  fieurther  diminution  of  gravity,  by  the  recess  of  the  upper 
parts  from  the  centre.*  An  atmosphere,  however,  free  to  expand 
equally  in  all  directions,  would  envelope  the  nucleus  spherically, 
so  that  it  becomes  necessary  to  admit  the  action  of  other  causes  to 
account  for  its  enormous  extension  in  the  direction  of  the  tail,— ^ 
subject  to  which  we  shall  presently  take  occasion  to  recur. 

(560.)  That  the  luminous  part  of  a  comet  is  something  in  the 
nature  of  a  smoke,  fog,  or  cloud,  suspended  in  a  transparent 
atmosphere,  is  evident  from  a  fact  which  has  been  often  noticed, 
viz. — that  the  portion  of  the  tail  where  it  comes  up,  and  surrounds 
the  head,  is  yet  separate  from  it  by  an  interval  less  luminous,  as  if 
sustained  and  kept  off  from  contact  by  a  transparent  stratum,  as 
we  often  see  one  layer  of  clouds  over  another  with  a  considerable 
clear  space  between.  These,  and  most  of  the  other  facts  observed 
in  the  history  of  comets,  appear  to  indicate  that  the  structure  of  a 
comet,  as  seen  in  section  in  the  direction  of  its  lengthy  must  be 
that  of  a  hollow  envelope,  of  a  parabolic  form,  enclosing  near  its 
vertex  the  nucleus  and  head,  something  as  represented  in  the 
annexed  figure.    This  would  account  for  the  apparent  division  of 

Fig.  75. 
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the  tail  into  two  principal  lateral  branches,  the  envelope  being 
oblique  to  the  line  of  sight  at  its  borders,  and  therefore  a  greater 
depth  of  illuminated  matter  being  there  exposed  to  the  eye.  In 
all  probability,  however,  they  admit  great  varieties  of  structure, 
and  among  them  may  very  possibly  be  bodies  of  widely  different 
physical  constitution,  and  there  is  no  doubt  that  one  and  the  same 

*  Newton  hu  calculated  (Princ  HI.  p.  612,)  that  a  globe  of  air  of  ordinary 
density  at  the  earth's  aui&oe*  of  one  inch  in  diameter,  if  reduoed  to  the  density  doe 
to  the  altitude  above  the  surfiice  of  one  radiua  of  the  earth,  would  occupy  a  sphere 
exceeding  in  radius  the  orbit  of  Satom.  The  tail  of  a  great  comet  then,  for  aught 
we  can  teU,  may  consist  of  only  a  veiy  few  pounds  or  even  ounces  of  matter. 
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comet  at  different  epochs  undergoes  great  changes,  both  in  the 
disposition  of  its  materials  and  in  their  physical  state. 

(561.)  We  come  now  to  speak  of  the  motions  of  comets.  These 
are  apparently  most  irregular  and  capricious.  Sometimes  they 
remain  in  sight  only  for  a  few  days,  at  others  for  many  months ; 
some  move  with  extreme  slowness,  others  with  extraordinary 
velocity ;  while  not  unfrequently,  the  two  extremes  of  apparent 
speed  are  exhibited  by  the  same  comet  in  different  parts  of  its 
course.  The  comet  of  1472  described  an  arc  of  the  heavens  of 
40^  of  a  great  circle*  in  a  single  day.  Some  pursue  a  direct,  some 
a  retrograde,  and  others  a  tortuous  and  very  irregular  course ;  nor 
do  they  confine  themselves,  like  the  planets,  within  any  certain 
region  of  the  heavens,  but  traverse  indifferently  every  part.  Their 
variations  in  apparent  size,  during  the  time  they  continue  visible, 
are  no  less  remarkable  than  those  of  their  velocity ;  sometimes  they 
make  their  first  appearance  as  faint  and  slow  moving  objects,  with 
little  or  no  tail ;  but  by  degrees  accelerate,  enlarge,  and  throw  out 
from  them  this  appendage,  which  increases  in  length  and  brightness 
till  (as  always  happens  in  such  cases)  they  approach  the  sun,  and 
are  lost  in  his  beams.  After  a  time  they  again  emerge,  on  the 
other  side,  receding  from  the  sun  with  a  velocity  at  first  rapid,  but 
gradually  decaying.  It  is  for  the  most  part  after  thus  passing  the 
sun,  that  they  shine  forth  in  all  their  splendour,  and  that  their  tails 
acquire  their  greatest  length  and  development ;  thus  indicating 
plainly  the  action  of  the  sun's  rays  as  the  exciting  cause  of  that 
extraordinary  emanation.  As  they  continue  to  recede  from  the 
sun,  their  motion  diminishes  and  the  tail  dies  away,  or  is  absorbed 
into  the  head,  which  itself  grows  continually  feebler,  and  is  at 
length  altogether  lost  sight  of,  in  by  far  the  greater  number  of  cases 
never  to  be  seen  more. 

(562.)  Without  the  clue  furnished  by  the  theory  of  gravitation, 
the  enigma  of  these  seemingly  irregular  and  capricious  movements 
might  have  remained  for  ever  unresolved.  But  Newton,  having 
demonstrated  the  possibility  of  any  conic  section  whatever  being 
described  about  the  sun,  by  a  body  revolving  under  the  dominion 
of  that  law,  immediately  perceived  the  applicability  of  the  general 
proposition  to  the  case  of  cometary  orbits;  and  the  great  comet  of 

*  120^  in  extent  in  the  former  editions.  Bat  this  was  the  are  described  m 
longitude,  and  the  comet  at  the  time  refened  to  had  great  north  latitude. 
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1680,  one  of  the  most  remarkable  on  record,  both  for  the  immense 
length  of  its  tail  and  for  the  excessive  closeness  of  its  approach  to 
the  sun  (within  one  sixth  of  the  diameter  of  that  luminary),  afford- 
ed him  an  excellent  opportunity  for  the  trial  of  his  theory.  The 
success  of  the  attempt  was  complete.  He  ascertained  that  this 
comet  described  about  the  sun  as  its  focus  an  elliptic  orbit  of  so 
great  an  excentricity  as  to  be  undistinguishable  from  a  parabola, 
(which  is  the  extreme,  or  limiting  form  of  the  ellipse  when  the 
axis  becomes  infinite,)  and  that  in  thb  orbit  the  areas  described 
about  the  sun  were,  as  in  the  planetary  ellipses,  proportional  to  the 
times.  The  representation  of  the  apparent  motions  of  this  comet 
by  such  an  orbit,  throughout  its  whole  observed  course,  was  found 
to  be  as  satis&ctoiy  as  those  of  the  motions  of  the  planets  in  their 
nearly  circular  paths.  From  that  time  it  became  a  received  truth, 
that  the  motions  of  comets  are  regulated  by  the  same  general  laws 
as  those  of  the  planets — ^the  difference  of  the  cases  consisting  only 
in  the  extravagant  elongation  of  their  ellipses,  and  in  the  absence 
of  any  limit  to  the  inclinations  of  their  planes  to  that  of  the  ecliptic 
— or  any  general  coincidence,  ia  the  direction  of  their  motions 
from  west  to  east,  rather  than  from  east  to  west,  like  what  is  ob- 
served among  the  planets. 

(563.)  It  is  a  problem  of  pure  geometry,  from  the  general  laws 
of  elliptic  or  parabolic  motion,  to  find  the  situation  and  dimensions 
of  the  ellipse  or  parabola  which  shall  represent  the  motion  of  any 
given  comet.  In  general,  three  complete  obserrations  of  its  right 
ascension  and  declination,  with  the  times  at  which  they  were  made, 
suffice  for  the  solution  of  this  problem,  (which  is,  however,'  by  no 
means  an  easy  one,)  and  for  the  determination  of  the  elements  of 
the  orbit.  These  consist,  mutatis  muiandiSy  of  the  same  data  as 
are  required  for  the  computation  of  the  motion  of  a  planet ;  (that 
is  to  say,  the  longitude  of  the  perihelion,  that  of  the  ascending 
node,  the  inclination  to  the  ecliptic,  the  semiaxis,  excentricity,  and 
time  of  perihelion  passage,  as  also  whether  the  motion  is  direct  or 
retrograde ;)  and,  once  determined,  it  becomes  very  easy  to  com- 
pare  them  with  the  whole  observed  course  of  the  comet,  by  a 
process  exactly  similar  to  that  of  art.  502,  and  thus  at  once  to 
ascertain  their  correctness,  and  to  put  to  the  severest  trial  the 
truth  of  those  general  laws  on  which  all  such  calculations  are 
founded. 
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(664.)  For  the  most  part,  it  is  found  that  the  motions  of  comets 
may  be  sufficiently  ^rell  represented  by  parabolic  orbits, — that  is 
to  say,  ellipses  whose  axes  are  of  infinite  length,  or,  at  least,  so 
very  long  that  no  appreciable  error  in  the  calculation  of  their  mo- 
tions, during  all  the  time  they  continue  visible,  would  be  incurred 
by  supposing  them  actually  infinite.  The  parabola  is  that  conic 
section  which  is  the  limit  between  the  ellipse  on  the  one  hand, 
which  returns  into  itself,  and  the  hyperbola  on  the  other,  which 
runs  out  to  infinity.  A  comet,  therefore,  which  should  describe 
an  elliptic  path,  however  long  its  axis,  must  have  visited  the  sun 
before,  and  must  again  return  (unless  disturbed)  in  some  determi- 
nate period, — but  should  its  orbit  be  of  the  hyperbolic  character, 
when  once  it  had  passed  its  perihelion,  it  could  never  more  return 
within  the  sphere  of  our  observation,  but  must  run  oflf  to  visit 
other  systems,  or  be  lost  in  the  immensity  of  space.  A  very  few 
comets  have  been  ascertained  to  move  in  hyperbolas,*  but  many 
more  in  ellipses.  These  latter,  in  so  far  as  their  orbits  can  remain 
unaltered  by  the  attractions  of  the  planets,  must  be  regarded  as 
permanent  members  of  our  system. 

(565.)  We  must  now  say  a  few  words  on  the  actual  dimensions 
of  comets.  The  calculation  of  the  diameters  of  their  heads,  and 
the  lengths  and  breadths  of  their  tails,  offers  not  the  slightest  diffi* 
culty  when  once  the  elements  of  their  orbits  are  known,  for  by 
these  we  know  their  real  distances  from  the  earth  at  any  time,  and 
the  true  direction  of  the  tail,  which  we  see  only  foreshortened. 
Now  calculations  instituted  on  these  principles  lead  to  the  surpris- 
ing fact,  that  the  comets  are  by  far  the  most  voluminous  bodies  in 
our  system.  The  following  are  the  dimensions  of  some  of  those 
vrhich  have  been  made  the  subjects  of  such  inquiry. 

(566.)  The  tail  of  the  great  comet  of  1680,  immediately  after 
its  perihelion  passage,  was  found  by  Newton  to  have  been  no  less 
than  20000000  of  leagues  in  length,  and  to  have  occupied  only 
two  days  in  its  emission  from  the  comet's  body !  a  decisive  proof 
this  of  its  being  darted  forth  by  some  active  force,  the  origin  of 
which,  to  judge  from  the  direction  of  the  tail,  must  be  sought  in 
the  sun  itself.  Its  greatest  length  amounted  to  41000000  leagues^ 

/  / 

•  For  example,  that  of  1723,  calculated  by  Barckhardt ;  that  of  1771,  by  both 
BuTckhardt  and  Encke;  and  the  eeoond  comet  of  1818,  by  Rosenberg  and 
Schwabe. 
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a  length  much  exceeding  the  whole  interval  between  the  sun  and 
earth.  The  tail  of  the  comet  of  1769  extended  16000000  leagues, 
and  that  of  the  great  comet  of  1811,^  SeOOQpOO.  The  portion  of 
the  head  of  this  last,  comprised  within  the  transparent  atmospheric 
envelope  which  separated  it  from  the  tail,  was  180000  leagues  in 
diameter.  It  is  hardly  conceivable,  that  matter  once  projected  to 
such  enormous  distances  should  ever  be  collected  again  by  the 
feeble  attraction  of  such  a  body  as  a  comet — a  consideration  which 
accounts  for  the  surmised  progressive  diminution  of  the  tails  of 
such  as  have  been  frequently  observed. 

(567.)  The  most  remarkable  of  those  comets  which  have  been 
ascertained  to  move  in  elliptic  orbits  is  that  of  Halley,  so  called 
from  the  celebrated  Edmund  Halley,  who,  on  calculating  its  ele- 
ments from  its  perihelion  passage  in  1682,  when  it  appeared  in 
great  splendour,  with  a  tail  30^  in  length,  was  led  to  conclude  its 
identity  with  the  great  comets  of  1531  and  1607,  whose  elenients 
he  had  also  ascertained.  The  intervals  of  these  successive  appa- 
ritions being  75  and  76  years,  Halley  was  encouraged  to  predict 
its  reappearance  about  the  year  1759.  So  remarkable  a  prediction 
could  not  fail  to  attract  the  attention  of  all  astronomers,  and,  as 
the  time  approached,  it  became  extremely  interesting  to  know 
whether  the  attractions  of  the  larger  planets  might  not  materially 
interfere  with  its  orbitual  motion.  The  computation  of  their  in- 
fluence from  the  Newtonian  law  of  gravity,  a  most  difficult  and 
intricate  piece  of  calculation,  was  undertaken  and  accomplished 
by  Clairaut,  who  found  that  the  action  of  Saturn  would  retard  its 
return  by  100  days,  and  that  of  Jupiter  by  no  less  than  518, 
making  in  all  618  days,  by  which  the  expected  return  would  hap- 
pen later  than  on  the  supposition  of  its  retaining  an  unaltered 
period, — ^and  that,  in  short,  the  time  of  the  expected  perihelion 
passage  would  take  place  within  a  month,  one  way  or  ^ther,  of 
the  middle  of  April,  1759. — It  actually  happened  on  the  12th  of 
March  in  that  year.  Its  next  return  was  calculated  by  several 
eminent  geometers,*  and  fixed  successively  for  the  4th,  the  7th, 
the  11th,  and  the  26th  of  November,  1835 ;  the  two  latter  deter- 
minations appearing  entitled  to  the  higher  degree  of  confidence, 
owing  partly  to  the  more  complete  discussion  bestowed  on  the 
observations  of  1682  and  1759,  and  partly  to  the  continually  im- 

*  Damoueau,  PoQteooulftnt,  Roaenberger,  and  Lehmann. 
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proving  state  of  our  knowledge  of  the  methods  of  estimating  the 
disturbing  effect  of  the  several  planets.  The  last  of  these  predic- 
tions, that  of  M.  Lehpiann,  was  published  on  the  25th  of  July. 
On  the  5th  of  August  the  comet  first  became  visible  in  the  clear 
atmosphere  of  Rome  as  an  exceedingly  faint  telescopic  nebulai 
within  a  degree  of  its  place  as  predicted  by  M.  Rosenberger  for 
that  day.  On  or  about  the  20th  of  August  it  became  generally 
visible,  and,  pursuing  very  nearly  its  calculated  path  among  the 
stars,  passed  its  perihelion  on  the  16th  of  November ;  after  which, 
its  course  carr}'ing  it  south,  it  ceased  to  be  visible  in  Europe, 
though  it  continued  to  be  conspicuously  so  in  the  southern  hemis- 
phere throughout  February,  March,  and  April,  1836,  disappearing 
finally  on  the  5th  of  May. 

(568.)  Although  the  appearance  of  this  celebrated  comet  at  its 
last  apparition  was  not  such  as  might  be  reasonably  considered 
likely  to  excite  lively  sensations  of  terror,  even  in  superstitions 
ages,  yet,  having  been  an  object  of  the  most  diligent  attention  in 
all  parts  of  the  world  to  astronomers,  furnished  with  telescopes 
very  far  surpassing  in  power  those  which  had  been  applied  to  it  at 
its  former  appearance  in  1759,  and  indeed  to  any  of  the  greater 
comets  on  record,  the  opportunity  thus  afforded  of  studying  its 
physical  structure,  and  the  extraordinary  phenomena  which  it  pre- 
sented when  so  examined  have  rendered  this  a  memorable  epoch 
in  cometic  history.  Its  first  appearance,  while  yet  very  remote 
from  the  sun,  was  that  of  a  small  round  or  somewhat  oval  nebula, 
quite  destitute  of  tail,  and  having  a  minute  point  of  more  concen- 
trated light  excentrically  situated  within  it.  It  was  not  before  the 
2d  of  October  that  the  tail  began  to  be  developed,  and  thencefor- 
ward increased  pretty  rapidly,  being  already  4®  or  5*^  long  on  the 
5th.  It  attained  its  greatest  apparent  length  (about  20°)  on  the 
15th  of  October.  From  that  time,  though  not  yet  arrived  at  it^ 
perihelion,  it  decreased  with  such  rapidity,  that  already  on  the 
29th  it  was  only  3°,  and  on  November  the  5th  2^°  in  length. 
There  is  every  reason  to  believe  that  before  the  perihelion,  the  tail 
had  altogether  disappeared,  as,  though  it  continued  to  be  observed 
at  Pulkowa  up  to  the  very  day  of  its  perihelion  passage,  no  men- 
tion whatever  is  made  of  any  tail  being  then  seen. 

(569.)  By  far  the  most  striking  phenomena,  however,  observed 
in  this  part  of  its  cereer,  were  those  which,  commencing  simulta- 
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neoasly  with  the  growth  of  the  tail,  connected  themselves  evidently 
with  the  production  of  that  appendage  and  its  projection  from  the 
head.    On  the  2d  of  October  (the  very  day  of  the  first  observed 
commencement  of  the  tail)  the  nucleus,  which  had  been  faint  and 
small,  was  observed  suddenly  to  have  become  much  brighter,  and 
to  be  in  the  act  of  throwing  out  a  jet  or  stream  of  light  from  its 
anterior  part,  or  that  turned  towards  the  sun.    This  ejection  after 
ceasing  awhile  was  resumed,  and  with  much  greater  apparent 
violence,  on  the  8(h,  and  continued,  with  occasional  intermittences, 
so  long  as  the  tail  itself  continued  visible.    Both  the  form  of  this 
luminous  ejection,  and  the  direction  in  which  it  issued  from  the 
nucleus,  meanwhile  underwent  singular  and  capricious  alterations, 
the  different  phases  succeeding  each  other  with  such  rapidity  that 
on  no  two  successive  nights  were  the  appearances  alike.    At  one 
time  the  emitted  jet  was  single,  and  confined  within  narrow  limits 
of  divergence  from  the  nucleus;    At  others  it  presented  a  fan- 
shaped  or  swallow-tailed  form,  analogous  to  that  of  a  gas-flame 
issuing  from  a  flattened  orifice :  while  at  others  again  two,  three, 
or  even  more  jets  were  darted  forth  in  different  directions.*     (See 
figures  a,  ft,  c,  d,  plate  I.  fig.  4,  which  represent,  highly  magnified, 
the  appearances  of  the  nucleus  with  its  jets  of  light,  on  the  8th, 
9th,  10th,  and  12th  of  October,  and  in  which  the  direction  of  the 
anterior  portion  of  the  head,  or  that  fronting  the  sun,  is  supposed 
alike  in  all,  viz.  towards  the  upper  part  of  the  engraving.     In 
these  representations  the  head  itself  is  omitted,  the  scale  of  the 
figures  not  permitting  its  introduction :  e  represents  the  nucleus 
and  head  as  seen  October  9th  on  a  less  scale.)    The  direction  of 
the  principal  jet  was  observed  meanwhile  to  oscilate  to  and  fro  on 
either  side  of  a  line  directed  to  the  sun  in  the  manner  of  a  com- 
pass-needle when  thrown  into  vibration  and  oscillating  about  a 
mean  position,  the  change  of  direction  being  conspicuous  even 
from  hour  to  hour.     These  jets,  though  very  bright  at  their  point 
of  emanation  from  the  nucleus,  faded  rapidly  away,  and  became 
diffused  as  they  expanded  into  the  coma,  at  the  same  time  curving 
backwards  as  streams  of  steam  or  smoke  would  do,  if  thrown  out 
firom  narrow  orifices,  more  or  less  obliquely  in  opposition  to  a 

*  See  the  exquisite  lithographic  repreeentations  of  theie  phenomena  by  Betiel. 
Astnm.Nachr.  No.  302,  and  the  fine  series  by  Schwabe  in  No.  297,  of  that  coUee- 
tion,  as  also  the  magnificent  drawings  of  Struve,  from  which  our  figures  a,  b,  c,  d, 
are  copied. 
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powerful  wind,  against  which  they  were  unable  to  make  way, 
and,  ultimately  yielding  to  its  force,  so  as  to  be  drifted  back  and 
confounded  in  a  vaporous  train,  following  the  general  direction  of 
the  current.* 

(670.)  Reflecting  on  these  phenomena,  and  carefully  consider- 
ing the  evidence  afforded  by  the  numerous  and  elaborately  eice- 
cuted  drawings  which  have  been  placed  on  record  by  observers, 
it  seems  impossible  to  avoid  the  following  conclusions, 

1st.  That  the  matter  of  the  nucleus  of  a  comet  is  powerfully 
excited  and  dilated  into  a  vaporous  state  by  the  action  of  the  sun's 
rays,  escaping  in  streams  and  jets  at  those  points  of  its  surface 
which  oppose  the  least  resistance,  and  in  all  probability  throwing 
that  sur&ce  or  the  nucleus  itself  into  irregular  motions  by  its  reac- 
tion in  the  act  of  so  escaping,  and  thus  altering  its  direction. 

2dly.  That  this  process  chiefly  takes  place  in  that  portion  of  the 
nucleus  which  is  turned  towards  the  sun ;  the  vapour  escaping 
chiefly  in  that  direction. 

3dly.  That  when  so  emitted,  it  is  prevented  from  proceeding 
in  the  direction  originally  impressed  upon  it,  by  some  force 
directed  from  the  sun,  drifting  it  back  and  carrying  it  out  to 
vast  distances  behind  the  nucleus,  forming  the  tail  or  so  much 
of  the  tail  as  can  be  considered  as  consisting  of  material  sub- 
stance. 

4thly.  That  this  force,  whatever  its  nature,  acts  unequally  on  the 
materials  of  the  comet,  the  greater  portion  remaining  unvaporized, 
and  a  considerable  part  of  the  vapour  actually  produced,  remain- 
ing in  its  neighbourhood,  forming  the  head  and  coma. 

5thly.  That  the  force  thus  acting  on  the  materials  of  the  tail 
cannot  possibly  be  identical  with  th6  ordinary  gravitation  of  mat- 
ter, being.centrifugal  or  repulsive,  as  respects  the  sun,  and  of  an 
energy  very  far  exceeding  the  gravitating  force  towards  that  lumi- 
nary. This  will  be  evident  if  we  consider  the  enormous  velocity 
with  which  the  matter  of  the  tail  is  carried  backwards,  in  opposi- 
tion both  to  the  motion  which  it  had  as  part  of  the  nucleus,  and  to 
that  which  it  acquired  in  the  act  of  its  emission,  both  which  mo- 
tions have  to  be  destroyed  in  the  first  instance,  before  any  move- 
ment in  the  contrary  direction  can  be  impressed. 

*  On  this  point  Schwabe's  and  BeflseFs  drawings  are  yery  express  and  unequi- 
vocal. Struve's  attentbn  seems  to  have  been  more  especially  directed  to  the  scruo 
tiny  ^  the  nucleus. 
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6thly.  That  unless  the  matter  of  the  tail  thus  repelled  from  the 
sun  be  retained  by  a  peculiar  and  highly  energetic  attraction  to  the 
nucleus,  differing  from  and  exceptional  to  the  ordinary  power  of 
gravitation,  it  must  leave  the  nucleus  altogether ;  being  in  eflect 
carried  far  beyond  the  coercive  power  of  so  feeble  a  gravitating 
force  as  would  correspond  to  the  minute  mass  of  the  nucleus ;  and 
it  is  therefore  very  conceivable  that  a  comet  may  lose,  at  every 
approach  to  the  sun,  a  portion  of  that  peculiar  matter,  whatever  it 
be,  on  which  the  production  of  its  tail  depends,  the  remainder 
being  of  course  less  excitable  by  the  solar  action,  ^nd  more  im- 
passive to  his  rays,  and  therefore,  fro  tanto,  more  nearly  approxi- 
mating to  the  nature  of  the  planetary  bodies. 

(571.)  After  the  perihelion  passage,  the  comet  was  lost  sight  of 
for  upwards  of  two  months,  and  at  its  reappearance  (on  the  24th  of 
January,  1836)  presented  itself  under  quite  a  different  aspect,  hav- 
ing in  the  interval  evidently  undergone  some  great  physical 
change  which  had  operated  an  entire  transformation  in  its  appear- 
ance. It  no  longer  presented  any  vestige  of  tail,  but  appeared  to 
the  naked  eye  as  a  hazy  star  of  about  the  fourth  or  fifth  magni- 
tude, and  in  powerful  telescopes  as  a  small,  round,  well  defined 
disc,  rather  more  than  2'  in  diameter,  surrounded  with  a  nebulous 
chevelure  or  coma  of  much  greater  extent.  Within  the  disc,  and 
somewhat  excentrically  situated,  a  minute  but  bright  nucleus  ap- 
peared, fcpm  which  extended  towards  the  posterior  edge  of  the 
disc  (or  that  remote  from  the  sun)  a  short  vivid  luminous  ray. 
(See  fig.  4,  of  pi.  I.)  As  the  comet  receded  from  the  sun,  the 
coma  speedily  disappeared,  as  if  absorbed  into  the  disc,  which^ 
on  the  other  hand,  increased  continually  in  dimensions,  and  that 
with  such  rapidity,  that  in  the  week  elapsed  from  January  25th  to 
February  1st,  (calculating  from  micrometrical  measures,  and  from 
the  known  distance  of  the  comet  from  the  earth  on  those  days)  the 
actual  volume  or  real  solid  content  of  the  illuminated  space  had 
dilated  in  the  ratio  of  upwards  of  40  to  1 .  And  so  it  continued 
to  swell  out  with  undiminished  rapidity,  until  from  this  cause  alone 
it  ceased  to  be  visible,  the  illumination  becoming  fainter  as  the 
magnitude  increased ;  till  at  length  the  outline  became  undistin- 
guishable  from  simple  want  of  light  to  trace  it.  While  this  in- 
crease of  dimension  proceeded,  the  form  of  the  disc  passed,  by 
gradual  and  successive  additions  to  its  length  in  the  direction 

22 
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opposite  to  the  son,  to  that  of  a  paraboloid,  as  represented  in  g^ 
fig.  4y  plate  I.,  <be  anterior  curved  portion  preserving  its  planetary 
sharpness,  but  the  base  being  faint  and  ill*defined.  It  is  evident 
that  had  this  process  continued  with  sufficient  light  to  render  the 
result  visible,  a  tail  would  have  been  ultimately  reproduced ;  but 
the  increase  of  dimension  being  accompanied  with  diminution  of 
brightness,  a  short,  imperfect,  and  as  it  were  rudimentaiy  tail  only 
was  formed,  visible  as  such  for  a  few  nights  to  the  naked  eye,  or 
in  a  low  magnifying  telescope,  and  that  only  when  the  comet  itself 
had  begun  to  fade  away  by  reason  of  its  increasing  distance. 

(572.)  While  the  parabolic  envelope  was  thus  continually  dilat- 
ing and  growing  fainter,  the  nucleus  underwent  little  change,  bat 
the  ray  proceeding  from  it  increased  in  length  and  comparative 
brightness,  preserving  all  the  time  its  direction  along  the  axis  of 
the  paraboloid,  and  offering  none  of  those  irregular  and  capricious 
phenomena  which  characterized  the  jets  of  light  emitted  Anteriorly, 
previous  to  the  perihelion.  If  the  office  of  those  jets  was  to  feed 
the  tail,  the  converse  office  of  conducting  back  its  successively 
condensing  matter  to  the  nucleus  would  seem  to  be  that  of  the  ray 
now  in  question.  By  degrees  this  also  faded,  and  the  last  appear- 
ance presented  by  the  comet  was  that  which  it  offered  at  its  first 
appearance  in  August ;  viz.  that  of  a  small  round  nebala  with  a 
bright  point  in  or  near  the  centre. 

(573.)  Besides  the  comet  of  Halley,  several  other  of  the  great 
comets  recorded  in  history  have  been  surmised  with  more  or  less 
probability  to  return  periodically,  and  therefore  to  move  in  elon- 
gated ellipses  around  the  sun.  Such  is  the  great  comet  of  1680, 
whose  period  is  estimated  at  575  years,  and  which  is  considered, 
with  the  highest  appearance  of  probability,  to  be  identical  with  a 
magnificent  comet  observed  at  Constantinople  and  in  Palestine, 
and  referred  by  contemporary  historians,  both  European  and 
Chinese,  to  the  year  a.  d.  1105 ;  with  that  of  a.  d.  575,  which 
was  seen  at  noon-day  close  to  the  sun  ;  with  the  comet  of  43  b.  c, 
already  spoken  of  as  having  appeared  after  the  death  of  Csesar, 
and  which  was  also  observed  in  the  daytime ;  and  finally  with 
two  other  comets,  mention  of  which  occurs  in  the  Sibylline 
Oracles,  and  in  a  passage  of  Homer,  and  which  are  referred,  as 
well  as  the  obscurity  of  chronology  and  the  indications  themselves 
will  allow,  to  the  years  618  and  1194  b.  c.    It  is  to  the  assumed 
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near  approach  of  this  comet  to  the  earth  about  the  time  of  the 
Delage,  that  WhistOD  ascribed  that  overwhelming  tide  wave  to 
whose  agency  his  wild  fancy  ascribed  that  great  catastrophe — a 
speculation,  it  is  needless  to  remark,  purely  visionary. 

(574.)  Another  great  comet,  whose  return  in  the  year  actually 
current  (1848)  has  been  considered  by  more  than  one  eminent 
authority  in  this  department  of  astronomy*  highly  probable,  is  that 
of  1566,  to  the  terror  of  whose  aspect  some  historians  have  attri- 
buted the  abdication  of  the  Emperor  Charles  V.  This  comet  is 
supposed  to  be  identical  with  that  of  1264,  mentioned  by  many 
historians  as  a  great  comet,  and  observed  also  in  China,.*i-.the  con- 
clusion in  this  case  resting  upon  the  coincidence  of  elements 
calculated  on  the  observations,  such  as  they  are,  which  have  been 
recorded.  On  the  subject  of  this  coincidence  Mr.  Hind  has 
recently  entered  into  many  elaborate  calculations,  the  result  of 
which  is  strongly  in  favour  of  the  supposed  identity.  This  pro- 
bability is  farther  increased  by  the  fact  of  a  comet  with  a  tail  of 
40^  and  a  head  bright  enough  to  be  visible  after  sunrise  having 
appeared  in  a.  d.  975 ;  and  of  two  others  having  been  recorded 
by  the  Chinese  annalists  in  a.  d.  395  and  104.  It  is  true  that  if 
these  be  the  same,  the  mean  period  would  be  somewhat  short  of 
292  years.  But  the  effectof  planetary  perturbation  might  reconcile 
eren  greater  diiTerences,  and  though  up  to  the  time  of  our  writing 
no  such  comet  has  yet  been  observed,  at  least  another  year  must 
elapse  before  its  return  can  be  pronounced  hopeless. 

(575).  In  f  661, 1532, 1402, 1145,  891,  and  243,  great  comets 
appeared — ^that  of  1402  being  bright  enough  to  be  seen  at  noon- 
day. A  period  of  129  years  would  conciliate  all  these  appearances, 
and  should  have  brought  back  the  comet  in  1789  or  1790  (other 
circumstances  agreeing).  That  no  such  comet  was  observed  about 
that  time  is  no  proof  that  it  did  not  return,  since,  owing  to  the 
situation  of  its  orbit,  had  the  perihelion  passage  taken  place  in 
July  it  might  have  escaped  observation.  Mechain,  indeed,  from 
an  elaborate  discussion  of  the  observations  of  1532  and  1661, 
came  to  the  conclusion  that  these  comets  were  not  the  same ;  but 
the  elements  assigned  by  Olbers  to  the  earlier  of  them,  difler  so 
widely  from  those  of  Mechain  for  the  same  comet  on  the  one  hand, 
and  agree  so  well  with  those  of  the  last  named  astronomer  for  the 

*  Pingr^.  Cometognphie,  i  41 1.    Lftiande.  Ailr.  8185. 
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Other,*  that  we  are  perhaps  justified  in  regarding  the  question  as 
not  yet  set  at  rest. 

(576.)  We  come  now,  however,  to  a  class  of  comets  of  short 
period,  respecting  whose  return  there  is  no  doubt,  inasmuch  as 
two  at  least  of  them  have  been  identified  as  having  performed 
successive  revolutions  round  the  sun ;  have  had  their  return  pre- 
dicted already  several  times;  and  have  on  each  occasion  scru- 
pulously kept  to  their  appointments.  The  first  of  these  is  the 
comet  of  Encke,  so  called  from  Professor  Encke  of  Berlin,  who 
first  ascertained  its  periodical  return.  It  revolves  in  an  ellipse  of 
great  excentricity  (though  not  comparable  to  that  of  Ralley's),  the 
plane  of  which  is  inclined  at  an  angle  of  about  13^  22'  to  the  plane 
of  the  ecliptic,  and  in  the  short  period  of  1211  days,  or  about  3|> 
years.  This  remarkable  discovery  was  made  on  the  occasion  of 
its  fourth  recorded  appearance,  in  1819.  From  the  ellipse  then 
calculated  by  Encke,  its  return  in  1822  was  predicted  by  him,  and 
observed  at  Paramatta,  m  New  South  Wales,  by  M.  Riimker, 
being  invisible  in  Europe :  since  which  it  has  been  re-predicted  and 
re-observed  in  all  the  principal  observatories,  both  in  the  northern 
and  southern  hemispheres,  as  a  phenomenon  of  regular  occurrence. 

(577.)  On  comparing  the  intervals  between  the  successive  peri- 
helion passages  of  this  comet,  after  allowing  in  the  most  careful 
and  exact  manner  for  all  the  disturbances  due  to  the  actions  of  the 
planets,  a  very  singular  fact  has  come  to  light,  viz.  that  the  periods 
are  continually  diminishing,  or,  in  other  words  the  mean  distance 
from  the  sun,  or  the  major  axis  of  the  ellipse,  dwinAing  by  slow 
and  regular  degrees  at  the  rate  of  about  0'*  11  per  revolution.  This 
is  evidently  the  effect  which  would  be  produced  by  resistance  ex- 
perienced by  the  comet  from  a  very  rare  ethereal  medium  per- 
vading the  regions  in  which  it  moves;  for  such  resistance,  by 
diminishing  its  actual  velocity,  would  diminish  also  its  centrifugal 
force,  and  thus  give  the  sun  more  power  over  it  to  draw  it  nearer. 
Accordingly  this  is  the  solution  proposed  by  Encke,  and  at  present 
generally  received.  It  ivill,  therefore,  probably  fall  ultimately  into 
the  sun,  should  it  not  first  be  dissipated  altogether, — a  thing  no 
way  improbable,  when  the  lightness  of  its  materials  is  considered. 

(578.)  By  measuring  the  apparent  magnitude  of  this  comet  at 
diflerent  distances  from  the  sun,  and  thence,  from  a  knowledge  of 

*  See  Bchomacfaer'a  CataL  Attron.  AbhandL  I 
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its  actual  distance  from  the  earth  at  the  time,  concluding  its  real 
volume,  it  has  been  ascertained  to  contract  in  bulk  as  it  approaches 
to,  and  to  expand  as  it  recedes  from,  that  luminary.  M.  Valz, 
who  was  the  first  to  notice  this  fact,  accounts  for  it  by  supposing 
it  to  undergo  a  real  compression  or  condensation  of  volume  arising 
from  the  pressure  of  an  aethereal  medium  which  he  conceives  to 
grow  more  dense  in  the  sun's  neighbourhood.  But  such  a  hypo- 
thesis  is  evidently  inadmissible,  since  it  would  require  us  to 
assume  the  exterior  of  the  comet  to  be  in  the  nature'  of  a  skin  or 
bag  impervious  to  the  compressing  medium.  The  phenomenon  is 
analogous  to  the  increase  of  dimension  above  described  as 
observed  in  the  comet  of  Halley  when  in  the  act  of  receding  from 
the  sun,  and  is  doubtless  referable  to  a  similar  cause,  viz.  the 
alternate  conversion  of  evaporable  matter  into  the  states  of  visible 
cloud  and  invisible  gas  by  the  alternating  action  of  cold  and  heat. 
This  comet  has  no  tail,  but  offers  to  the  view  only  a  small  ill- 
defined  nucleus,  excentrically  situated  within  a  more  or  less  elon- 
gated oval  mass  of  vapours,  being  nearest  to  that  vertex  which  is 
towards  the  sun. 

(579.)  Another  comet  of  short  period  is  that  of  JBte/a,  so  called 
from  M.  Biela,  of  Josephstadt,  who  first  arrived  at  this  interesting 
conclusion  on  the  occasion  of  its  appearance  in  1826.  It  is  con- 
sidered to  be  identical  with  comets  which  appeared  in  1772, 
1805,  &c.,  and  describes  its  very  excentric  ellipse  about  the  sun 
in  2410  days  or  about  6f  years ;  and  in  a  plane  inclined  12^'  34' 
to  the  ecliptic.  It  appeared  again  according  to  the  prediction  in 
1832,  and  in  1846.  Its  orbit,  by  a  remarkable  coincidence,  very 
nearly  intersects  that  of  the  earth ;  and  had  the  latter,  at  the  time 
of  its  passage  in  1832,  been  a  month  in  advance  of  its  actual 
place,  it  would  have  passed  through  the  comet, — a  singular  ren- 
contre, perhaps  not  unattended  with  danger.* 

*  Should  caleaUtion  establish  the  ftct  of  a  renrtance  experienced  also  bj  thie 
oomet,  the  subject  of  periodical  comets  will  assume  an  eztmordinary  degree  of  in- 
terest. It  cannot  be  doubted  that  many  more  will  be  disoorered,  and  by  their 
resistance  qaestions  wiD  come  to  be  decided,  such  as  the  following : — What  is  the 
law  of  density  of  the  resisting  medium  which  surrounds  the  sunt  Is  it  at  rest  or  in 
motion  1  If  the  latter,  in  what  direction  does  it  move  1  Circularly  round  the  sun, 
or  traversing  space  1  If  circularly,  in  what  plane  1  ■  It  is  obyious  that  a  circular  or 
▼opticose  motion  of  the  ether  would  aeeelerate  tome  eometa  and  retard  oihers,  accord* 
ing  as  their  revolution  was,  relatiTe  to  such  motion,  direct  or  retrograde.  Supposing 
the  neig^KboQihood  of  the  sun  to  be  filled  with  a  material  fluid,  it  is  not  oonoeivable 
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(580.)  This  comet  is  small  and  hardly  visible  to  the  naked  eye, 
even  when  brightest.  Nevertheless,  as  if  to  make  up  for  its  seem- 
ing insignificance  by  the  interest  attaching  to  it  in  a  physical  point 
of  view,  it  exhibited  at  its  last  appearance  in  1846,  a  phenomenon 
which  struck  every  astronomer  with  amazement,  as  a  thing  withoat 
previous  example  in  the  history  of  our  system.*  It  was  actually 
seen  to  separate  itself  into  two  distinct  comets,  which,  after  thus 
parting  company,  continued  to  journey  along  amicably  through  an 
arc  of  upwards  of  70^  of  their  apparent  orbit,  keeping  all  the  while 
within  the  same  field  of  view  of  the  telescope  pointed  towards 
them.  The  first  indication  of  something  unusual  being  about  to 
take  place,  might  be,  perhaps,  referred  to  the  19th  of  December, 
1845,  when  the  comet  appeared  pear-shaped,  the  nebulosity  being 
unduly  elongated  in  the  north  foUowmg  direction.f  But  on  the 
13th  of  January,  at  Washington  in  America,  and  on  the  15th  and 
subsequently  in  every  part  of  Europe,  it  was  distinctly  seen  to 
have  become  double ;  a  very  small  and  &int  cometic  body,  having 
a  nucleus  of  its  own,  being  observed  appended  to  it,  at  a  distance 
of  about  2'  (in  arc)  firom  its  centre,  and  in  a  direction  forming  an 
angle  of  about  328°  with  the  meridian,  running  northwards  from 
the  principal  or  original  comet  (see  art  204).  From  this  time  the 
separation  of  the  two  comets  went  on  progressively,  though  slowly. 
On  the  30th  of  January,  the  apparent  distance  of  the  nucleus  had 
increased  to  3',  on  the  7th  of  February  to  4',  and  on  the  13th  to 
5',  and  so  on,  until  on  the  5th  of  March  the  two  comets  were 
separated  by  an  interval  of  &  \&\  the  apparent  direction  pf  the 
line  of  junction  all  the  while  varying  but  littie  with  respect  to  the 
parallel.^ 

that  the  drculatioa  of  die  planets  in  it  for  ages  sliouU  not  have  impressed  opon  it 
some  degrae  of  rotation  in  their  own  direction.  And  this  may  prsserve  them  firom 
the  extreme  e£bcts  of  accumulated  resistance. — Author, 

*  Perhaps  not  quite  so.  ^  To  say  notiung  of  a  singular  surmise  of  Kepler,  that 
two  mat  comets  9un  at  once  in  1618,  might  be  a  single  comet  separated  into  two, 
the  following  passage  of  HeTetius  cited  by  M.  Littrow  (Nachr.  664,)  does  really 
seem  to  refer  to  some  phenomenon  bearing  at  least  a  certain  analogy  to  it  ''In  ipso 
disco,"  he  says  (Cometogrephia,  p.  836), «  quatuar  vel  quinque  corpusonla  quadam 
urt  nudeos  reliquo  coipore  aliquanto  densiores  ostendebat" 

f  According  to  Mr.  Hind's  observation.  But  there  can  be  httle  doubt  that  by  m 
mistake  of  the  most  common  occorrenee,  when  noDMasure  of  the  postion  is  taken^ 
north  following  is  an  error  of  entry  or  printing  for  north  preceding  (n  f  foru  p)« 
In  feet,  an  elongation  from  north  fi^wing  to  south  preceding  would  agree  widi 
the  regular  diredion  of  the  tail  and  would  oeoasioii  no  remark. 

#  By  for  the  greater  portion  of  this  increase  of  appaiant  distance  was  due  to  tba 
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(581.)  During  this  separation,  very  remarkable  changes  were 
obsenred  to  be  going  on  both  in  the  original  comet  and  its  com* 
panion.  Both  had  nuclei,  both  had  short  (ails,  parallel  in  direction, 
and  nearly  perpendicular  to  the  line  of  junction,  but  whereas  at 
its  first  observation  on  January  13th,  the  new  comet  was  extremely 
small  and  faint  in  comparison  with  the  old,  the  difference  both  in 
point  of  light  and  apparent  magnitude  diminished.  On  the  10th 
of  February,  they  were  nearly  equal,  although  the  day  before  the 
moonlight  had  efiaced  the  new  one,  leaving  the  other  bright  enough 
to  be  well  observed.  On  the  14th  and  16th,  however,  the  new 
comet  had  gained  a  decided  superiority  of  lig^t  over  the  old,  pre* 
senting  at  the  same  time  a^harp  and  stariike  nucleus  compared  by 
Lieut.  Maury  to  a  diamond  spark.  But  this  state  of  things  was 
not  to  continue.  Already,  on  the  18th,  the  old  comet  had  regained 
its  superiority,  being  nearly  twice  as  bright  as  its  companion,  and 
ofiering  an  unusually  bright  and  starlike  nucleus.  From  this  period 
the  new  companion  began  to  fade  away,  but  continued  visible  up 
to  the  15th  of  March.  On  the  24th  the  comet  was  again  single^ 
and  on  the  22d  of  April  both  had  disappeared. 

(682.)  While  this  singular  interchange  of  light  was  going  for- 
wards, indications  of  some  sort  of  communication  between  the 
comets  were  exhibited.  The  new  or  companion  comet,  besides 
its  tail,  extending  in  a  direction  parallel  to  that  of  the  other,  threw 
out  a  faint  arc  of  light  which  extended  as  a  kind  of  bridge  from 
the  one  to  the  other ;  and  after  the  restoration  of  the  original  comet 
to  its  former  pre-eminence,  it,  on  its  party  threw  forth  additional 
rays,  so  as  to  present  (on  the  22d  and  23d  February)  the  appear* 
ance  of  a  comet  with  three  faint  tails  forming  angles  of  about 
120^  with  each  other,  one  of  which  extended  towards  its  com- 
panion.* 

(583.)  Professor  Plantamour,  director  of  the  observatory  of 
Geneva,  having  investigated  the  orbits  of  both  these  comets  as 
separate  and  independent  bodies,  from  the  extensive  and  careful 

comet's  incraaaed  proximity  to  the  earth.    The  real  increaae  redooed  to  a  distanoa 
—  1  of  the  comet  wat  at  the  rate  of  about  9^'  per  diem. 

*  Theae  laat  mentionM  particulars,  rest  on  the  testimony  of  Lieutenant  Mauiy, 
of  Washrngtout  who  had  the  advantage  of  using  a  nine-ineh  object  glass  of  Munich 
manofiustore.  It  does  not  appear  that  any  large  telescope  was  turned  upon  it  in 
Europe  on  the  dates  in  questioo. 
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series  of  observations  made  upon  them,  has  arrived  at  the  concla- 
sion  that  the  increase  of  distance  between  the  two  nuclei,  at  least 
during  the  interval  from  February  lOth  to  March  22d,  was  simply 
apparent,  being  due  to  the  variation  of  distance  from  the  earth, 
and  to  the  angle  under  which  their  line  of  junction  presented  itself 
to  the  visual  ray ;  the  real  distance  during  all  that  interval  (neglect- 
ing small  fractions)  having  been  on  an  average  about  thirty-nine 
times  the  semi-diameter  of  the  earth,  or  less  than  two-thirds  the 
distance  of  the  moon  from  its  centre.  From  this  it  would  appear, 
that  already,  at  this  distance,  the  two  bodies  had  ceased  to  exer- 
cise any  perceptible  amount  of  perturbative  gravitation  on  each 
other;  as,  indeed,  from  the  probable- minuteness  of  cometary 
masses  we  might  reasonably  expect.  Calculating  upon  the  ele- 
ments assigned  by  him,*  we  find  16^>4  for  the  interval  of  their 
next  perihelion  passages.  And  it  will  be,  therefore,  necessaiy 
at  their  next  reappearance,  to  look  out  for  each  comet  as  a  separate 
and  independent  body,  computing  its  place  from  these  elements 
as  if  the  other  had  no  existence.  Nevertheless,  as  it  is  still  per- 
fectly possible  that  some  link  of  connection  may  subsist  between 
them,  (if  indeed,  by  some  unknown  process  the  companion  has 
not  been  actually  reabsorbed,)  it  will  not  be  advisable  to  rely  on 
this  calculation  to  the  neglect  of  a  most  vigilant  search  throughout 
the  whole  neighbourhood  of  the  more  conspicous  one,  lest  the 
opportunity  should  be  lost  of  pursuing  to  its  conclusion  the  history 
of  this  strange  occurrence. 

(584.)  A  third  comet  of  short  period  has  still  more  recently 
been  added  to  our  list  by  M.  Faye,  of  the  observatoxy  of  Paris, 
who  detected  it  on  the  22d  of  November,  1843.  A  very  few  obser- 
vations sufficed  to  show  that  no  parabola  would  satisfy  the  condi- 
tions of  its  motion,  and  that  to  represent  them  completely,  it  was 

*                                            Original  Comet.  Companion. 

Perihelion  passage,  1846,  Feb.         1 1*00476  -  1 1*071 11  Geneva  x.  t. 

Log.  Semiaxis  major        -         -    0*5471002  -  0*5461271 

Perihelion  distance  •        •        -     9*9327011  •  9*9326965 
Aogle  of  excentridty  or 

whose  sine  «  e  -        -        49®  12'    2"*6  -  49®    e' 14"*4 

Indination     -        -        -         12    84  63  -3  -  12    34  14  '3 

Node  S2         -        -        -       245    64  38  -8  -  246    56     1  -7 

Perihelion      •        -        -       109      2  20  •!  -  109      2  89  '6 

Mean  equinox  of  1846,    H) 
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necea^ry  to  assign  to  it  an  elliptic  orbit  of  very  moderate  excen- 
tricity.  The  calculations  of  M.  Nicolai,  subsequently  revised  and 
dightly  corrected  by  M.  Leverrier,  have  shown  that  an  almost  per- 
fect representation  of  its  motions  during  the  whole  period  of  its 
visibility  would  be  afforded  by  assuming  it  to  revolve  in  a  period 
of  2717^*68  (or  somewhat  less  than  1^  years)  in  an  ellipse  whose 
eccentricity  is  0*55596,  and  inclination  to  the  ecliptic  11°  22'  31'' ; 
and  taking  this  for  a  basis  of  further  calculation,  and  by  means  of 
these  data  and  the  other  elements  of  the  orbit  estimating  the  effect 
of  planetary  perturbation  during  the  revolution  now  in  progress, 
he  has  fixed  its  next  return  to  the  perihelion  for  the  3d  of  April, 
1851,  with  a  probable  error  one  way  or  other  not  exceeding  one 
or  two  days. 

(585.)  The  effect  of  planetary  perturbation  on  the  motion  of 
comets  has  been  more  than  once  alluded  to  in  what  has  been  above 
said.  Without  going  minutely  into  this  part  of  the  subject,  which 
will  be  better  understood  after  the  perusal  of  a  subsequent  chapter, 
it  must  be  obvious,  that  as  the  orbits  of  comets  are  very  excentric, 
and  inclined  in  all  sorts  of  angles  to  the  ecliptic,  they  must  in 
many  instances,  if  not  actually  intersect,  at  least  pass  very  near  to 
the  orbits  of  some  of  the  planets.  We  have  already  seen,  for 
instance,  that  the  orbit  of  Biela's  comet  so  nearly  intersects  that  of 
the  earth,  that  an  actual  collision  is  not  impossible,  and  indeed 
(supposing  neither  orbit  variable)  must  in  all  likelihood  happen  in 
the  lapse  of  some  millions  of  years.  Neither  are  instances  want- 
ing of  comets  having  actually  approached  the  earth  within  com- 
paratively short  distances,  as  that  of  1770,  which  on  the  Ist  of 
July  of  that  year  was  within  little  more  than  seven  times  the 
moon's  distance.  The  same  comet  in  1767  passed  Jupiter  at  a 
distance  only  one  58th  of  the  radius  of  that  planet's  orbit,  and  it 
has  been  rendered  extremely  probable  that  it  is  to  the  disturbance 
its  former  orbit  underwent  during  that  appulse  that  we  owe  its 
appearance  within  our  own  range  of  vision.  This  exceedingly 
remarkable  comet  was  found  by  Lexell  to  describe  an  elliptic  orbit 
with  an  excentricity  of  0*7858,  with  a  periodic  time  of  about  five 
years  and  a  half,  and  in  a  plane  only  l^  34'  inclined  to  the  ecliptic, 
having  passed  its  perihelion  on  the  13th  of  August,  1770.  Its 
return  of  course  was  eagerly  expected,  but  in  vain,  for  the  comet 
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has  never  been  seen  aince.  Its  observation  on  its  first  return  in 
1776  was  rendered  impossible  by  the  relative  sitnations  of  the  peri« 
helion  and  of  the  eaith  at  the  time,  and  before  another  revolution 
Gould  be  accomplished  (as  has  since  been  ascertained),  viz:  about 
the  23d  of  August,  1779,  by  a  singular  coincidence  it  again 
^preached  Jupiter  within  one  49l8t  part  of  its  distance  from  the 
sun,  being  nearer  to  that  planet  by  one-fiflh  than  its  fourth  satel- 
lite. No  wonder,  therefore,  that  the  planet's  attraction  (which  at 
that  distance  would  exceed  that  of  the  sun  in  the  proportion  of  at 
least  200  to  1)  should  completely  alter  the  orbit  and  deflect  it  mto 
a  curve,  not  one  of  whose  elements  would  have  the  least  resem- 
blance to  those  of  the  ellipse  of  Lexell.  It  is  worthy  of  notice 
that  by  this  rencontre  with  the  system  of  Jupiter's  satellites,  none 
of  ihdr  motions  suffered  any  perceptible  derangement, — a  suffi* 
cient  proof  of  the  smallness  of  its  mass.  Jupiter  indeed,  seems, 
by  some  strange  fiitality,  to  be  constantly  in  the  way  of  comets, 
and  to  serve  as  a  perpetual  stumbling-block  to  them. 

(586.)  On  the  22nd  of  August,  1844,  Signer  De  Vico,  director 
of  the  observatory  of  the  CoU^o  Romano,  discovered  a  comet, 
the  motions  of  which,  a  very  few  observations  sufficed  to  show, 
deviated  remarkably  from  a  parabolic  orbit.  It  passed  its  perihe- 
lion on  the  2d  of  September,  and  continued  to  be  observed  until 
the  7th  of  December.  Elliptic  dements  of  this  comet,  agreeing 
remarkably  well  with  each  other,  were  accordingly  calculated  by 
several  astronomers;  bom  which  it  appears  that  the  period  of 
revolution  is  about  1990  days  or  5|  (54357)  years,  which  (sup- 
posing its  orbit  undisturbed  in  the  interim)  would  bring  it  back  to 
the  perihelion  on  or  about  the  13th  of  January,  1850.  As  the 
assemblage  and  comparison  of  these  elements  thus  computed  inde- 
pendently, will  serve  better  perhaps,  than  any  other  example,  to  afford 
the  student  an  idea  of  the  degree  of  arithmetical  certainty  capable  of 
being  attained  in  this  branch  of  astronomy,  difficult  and  complex 
as  the  calculations  themselves  are,  and  liable  to  error  as  indiMml 
observations  of  a  body  so  ill-defined  as  the  smaller  comets  are  for 
the  most  part ;  we  shall  present  them  in  a  tabular  form,  as  on  the 
next  page :  the  elements  being  as  usual ;  the  time  of  perihelion 
passage,  longitude  of  the  perihelion,  that  of  the  ascending  node, 
the  inclination  to  the  ecliptic,  semiaxis  and  excentricity  of  the 
orbit,  and  the  periodic  time. 
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This  comet,  when  brightest,  vfas  visible  to  the  naked  eye,  and 
had  a  small  tail.  It  is  especially  interesting  to  astronomers  fromi 
the  circumstance  of  its  having  been  rendered  exceedingly  proba- 
ble by  the  researches  of  M.  Leverrier,  that  it  is  identical  with  one 
which  appeared  in  1678  with  some  of  its  elements  considerably 
changed  by  perturbation.  This  comet  is  further  remarkable,  from 
having  been  concluded  by  Messrs.  Laugier  and  Mauvais,  to  be 
identical  with  the  comet  of  1585  observed  by  Tycho  Brahe,  and 
possibly  also  with  those  of  1743,  1766,  and  1819. 

(587.)  Elliptic  elements  have  in  like  manner  been  assigned  to 
the  comet  discovered  by  M.  Brorsen,  on  the  26th  of  February, 
1846,  which,  like  that  last  mentioned,  speedily  after  its  discovery 
began  to  show  evident  symptoms  of  deviation  from  a  parabola. 
These  elements,  with  the  names  of  their  respective  calculators, 
are  as  follow.  The  dates  are  for  February,  1847,  Greenwich 
time. 


Computed  by 

Bmnnoir. 

Hind. 

Van  Willlngen 

Perihelion  passa^  - 
Long,  of  Perihebon  - 
Lon^.  of  Q 

Inclination       .       -       - 
Semiaxis  -       -       -       . 
Excentricity    -       -       - 
Period  (days,)  -       -       - 

.    254-87794 

116°  28'  84'-0 

102   89  86-  6 

80   65     6-6 

815021 

0-79868 

2042 

2&1-  88109 
116°  28'  17"-8 
102   45  20-  9 
80  49     8*6 
8-12292 
0-79771 
2016 

25<i-  02227 
116°  28*  52"-9 
108   81  26*  7 
80   80  80-  2 
2-87052 
■       0-77813 
1776 

This  comet  is  faint,  and  presents  nothing  remarkable  in  its  ap- 
pearance. Its  chief  interest  arises  from  the  great  similarity  of  its 
parabolic  elements  to  those  of  the  comet  of  1532,  the  place  of  the 
perihelion  and  node,  and  the  inclination  of  the  orbit,  being  almost 
identical. 

(588.)  Elliptic  elements  have  also  been  calculated  by  M.  D'An 
rest,  for  a  comet  discovered  by  M.  Peters,  on  the  26th  of  June, 
1846,  which  go  to  assign  it  a  place  among  the  comets  of  short 
period,  viz.  6804*«3,  or  very  nearly  16  years.  The  excentricity 
of  the  orbit  is  0*75672,  its  semiaxis  6-32066,  and  the  inclination 
of  its  plane  to  that  of  the  ecliptic  31^  2'  14".  This  comet  passed 
its  perihelion  on  the  1st  of  June,  1846. 

(589.)  By  far  the  most  remarkable  comet,  however,  which  has 
been  seen  during  the  present  century,  is  that  which  appeared  in 
the  spring  of  1843,  and  whose  tail  became  visible  in  the  twilight 
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of  the  17th  of  March  in  England  as  a  great  beam  of  nebulous 
light,  extending  from  a  point  above  the  iivestern  horizon,  through 
the  stars  of  Eridanus  and  Lepus,  under  the  belt  of  Orion.  This 
situation  vfBS  low  and  unfavourable ;  and  it  was  not  till  the  19th 
that  the  head  was  seen,  and  then  only  as  a  fabt  and  ill-defined 
nebula,  very  rapidly  fading  on  subsequent  nights.  In  more  south- 
em  latitudes,  however,  not  only  the  tail  was  seen,  as  a  magnificent 
train  of  light  extending  50^  or  60^  in  lengCh :  but  the  head  and 
nucleus  appeared  with  extraordinary  splendour,  exciting  in  every 
country  where  it  was  seen  the  greatest  astonishment  and  admira- 
tion. Indeed,  all  descriptions  agree  in  representing  it  as  a  stu- 
pendous spectacle,  such  as  in  superstitious  ages  would  not  fail  to 
have  carried  terror  into  every  bosom.  In  tropical  latitudes  in  the 
northern  hemisphere,  the  tail  appeared  on  the  3d  of  March,  and 
in  Van  Dieman's  Land,  so  early  as  the  1st,  the  comet  having 
passed  its  perihelion  on  the  27th  of  February.  Already  on  the 
3d  the  head  was  so  far  disengaged  from  the  immediate  vicinity  of 
the  sun,  as  to  appear  for  a  short  time  above  the  horizon  after  ifun- 
set.  On  this  day  when  viewed  through  a  46-inch  achromatic  tele- 
scope it  presented  a  planetary  disc,  from  which  rays  emerged  in 
the  direction  of  the  tail.  The  tail  was  double,  consisting  of  two 
priticipal  lateral  streamers,  making  a  very  small  angle  with  each 
other,  and  divided  by  a  comparatively  dark  line,  of  the  estimated 
length  of  25^,  prolonged  however  on  the  north  side  by  a  divergent 
streamer,  making  an  angle  of  5^  or  6^  with  the  general  direction 
of  the  axis,  and  traceable  as  far  as  65^  from  the  head.  A  simUar 
though  fainter  lateral  prolongation  appeared  on  the  south  side.  A 
fine  drawing  of  it  of  this  date  by  C.  P.  Smyth,  Esq.  of  the  Royal 
Observatory,  C.  G.  H.,  represents  it  as  highly  symmetrical,  and 
gives  the  idea  of  a  vivid  cone  of  light,  with  a  dark  axis,  and 
nearly  rectilinear  sides,  inclosed  in  a  fainter  cone,  the  sides  of 
which  curve  slightly  outwards.  The  light  of  the  nucleus  at  this 
period  b  compared  to  that  of  a  star  of  the  first  or  second  magni- 
tude ;  and  on  the  11th,  of  the  third  ;  from  which  time  it  degraded 
in  light  so  rapidly,  that  on  the  19th  it  was  invisible  to  the  naked 
eye,  the  tail  all  the  while  continuing  brilliantly  visible,  though 
much  more  so  at  a  distance  from  the  nucleus,  with  which,  indeed, 
its  connexion  was  not  then  obvious  to  the  unassisted  sight — a  sin- 
gular feature  in  the  history  of  this  body.    The  tail,  subsequent  to 
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the  3d,  was  generally  speaking  a  single  straight  or  slightly  curved 
broad  band  of  light,  but  on  the  11th  it  is  recorded  by  Mr.  Cleri- 
hew, who  observed  it  at  Calcutta,  to  have  ^ot  forth  a  lateral  tail 
nearly  twice  as  long  as  the  regular  one  but  fainter,  and  making 
an  angle  of  about  18^  with  its  direction  on  the  southern  side. 
The  projection  of  this  ray  (which  was  not  seen  either  before  or 
after  the  day  in  question)  to  so  enormous  a  length,  (neariy  100^ 
in  a  single  day  conveys  ah  impression  of  the  intensity  of  the 
forces  acting  to  produce  such  a  velocity  of  material  transfer  through 
space,  such  as  no  other  natural  phenomenon  is  capable  of  excit- 
ing. It  is  clear  that  ifvoe  have  to  deal  here  with  matter ^  suck  as  we 
amceive  it^  viz.  possessing  inertiO'-^at  ally  it  must  be  under  the 
dominion  of  forces  incomparably  more  energetic  than  gravitation. 

(590.)  There  is  abundant  evidence  of  the  comet  in  question 
having  been  seen  in  full  daylight,  and  in  the  sun's  immediate 
vicinity.  It  was  so  seen  on  the  28th  of  February,  the  day  after 
its  perihelion  passage,  by  every  person  on  board  the  H.  E.  I.  C.  S. 
Owen  Glendower,  then  off  the  Cape,  as  a  short  dagger-like  object 
close  to  the  sun  a  little  before  sunset.  On  the  same  day  at  3^  O'^ 
p.  M.,  and  consequently  in  full  sunshine,  the  distance  of  the  nucleus 
from  the  sun  was  actually  measured  with  a  sextant  by  Mr.  Clarke 
of  Portland,  United  States,  the  distance  centre  from  centre  being 
then  only  3^  bff  43".  He  describes  it  in  the  following  terms : 
<<  The  nucleus  and  also  every  part  of  the  tail  were  as  well  defined 
as  the  moon  on  a  clear  day.  The  nucleus  and  tail  bore  the  same 
appearance,  and  resembled  a  perfectly  pure  white  cloud  without 
any  variation,  except  a  slight  change  near  the  head,  just  sufficient 
to  distinguish  the  nucleus  from  the  tail  at  that  point."  The  dense- 
ness  of  the  nucleus  was  so  considerable,  that  Mr.  Clarke  hsid  no 
doubt  it  might  have  been  visible  upon  the  sun's  disc,  had  it  passed 
between  that  and  the  observer.  The  length  of  the  visible  tail 
resulting  from  these  measures  was  59'  or  not  far  from  double  the 
apparent  diameter  of  the  sun ;  and  as  we  shall  presently  see  that 
on  the  day  in  question  the  distance  from  the  earth  of  the  sun  and 
comet  must  have  been  very  nearly  equal,  this  gives  us  about 
1700000  miles  for  the  linear  dimensions  of  this  the  densest  portion 
of  that  appendage,  making  no  allowance  for  the  foreshortening, 
which  at  that  time  was  very  considerable. 

(591.)  The  elements  of  this  comet  are  among  the  most  remark. 
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able  of  any  recorded.  They  have  been  calculated  by  several 
eminent  astronomers,  among  whose  resalts  we  shall  specify  only 
those  which  agree  best ;  the  earlier  attempts  to  compute  its  path 
having  been  rendered  uncertain  by  the  difficulty  attending  exact 
observations  of  it  in  the  first  part  of  its  visible  career.  The  fol- 
lowing are  those  which  seem  entided  to  most  confidence :— . 


■^ 

FVUBMrntSfwUm 

Kaam, 

NloobL 

FMRi. 

Ptrihel.  pan,  1848. 
Veb^  mean  tbns  at 

Oreenwich     - 

27d*45006 

27d-42B36 

27d-39638 

27d*43023 

27d-41819 

Lone,  of  perfbal.  - 

areoyao" 

fxsoiys'' 

878°  »  36^ 

27803^83" 

279^69' 7" 

Long,  of  Q    - 
Inelmatton    - 

4  166 

0  61  4 

1  48  8 

1  87  66 

86617 

86  1238 

86     8  66 

36  86  29 

36  86  29 

8616  42 

Perihel.  dist*-       - 

(H)0622 

(KK)681 

0-00679 

0*00668 

0H)0428 

Motioii  •       •       . 

Betrograde. 

Rabrograde. 

Retrograde. 

Betrograde. 

Betrograde. 

(592.)  What  renders  the  elements  so  remarkable  is  the  small- 
ness  of  the  perihelion  distance.  Of  all  comets  which  have 
been  recorded  this  has  made  the  nearest  approach  to  the  son. 
The  sun's  radius  being  the  sine  of  his  apparent  semidiameter 
(16'  1"'5)  to  a  radius  equal  to  the  earth's  mean  distance  »!,  is 
represented  on  that  scale  by  0*00466,  which  falls  short  of  0*00534, 
the  perihelion  distance  found  by  taking  a  mean  of  all  the  foregoing 
results,  by  only  0*00067,  or  about  one  seventh  of  its  whole  magni* 
tude.  The  comet,  therefore,  approached  the  luminous  surface  of 
the  sun  within  about  a  seventh  part  of  the  sun's  radius !  It  is 
worth  while  to  consider  what  is  implied  in  such  a  fact.  In  the 
first  place,  the  intensity  both  of  the  light  and  radiant  heat  of  the 
sun  at  difierent  distances  from  that  luminary  increase  proportion- 
ally to  the  spherical  area  of  the  portion  of  the  visible  hemisphere 
covered  by  the  sun's  disc.  This  disc,  in  the  case  of  the  earth,  at 
its  mean  distance  has  an  angular  diameter  of  32'  3".  At  our 
comet  in  perihelio  the  apparent  angular  diameter  of  the  sun  was 
no  less  than  121^  32',  The  ratio  of  the  spherical  surfaces  thus 
occupied  (as  appears  from  spherical  geometry)  is  that  of  the 
squares  of  the  sines  of  the  fourth  parts  of  these  angles  to  each 
other,  or  that  of  1 :  47042.  And  in  this  proportion  are  to  each 
other  the  amounts  of  light  and  heat  thrown  by  the  sun  on  an  equal 
area  of  exposed  surface  on  our  earth  and  at  the  comet  in  equal 
instants  of  time.  Let  any  one  imagine  the  efiect  of  so  fierce  a 
glare  as  that  of  47000  suns  such  as  we  experience  the  warmth  of, 
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on  the  materials  of  which  the  earth's  surface  is  composed.  To 
form  some  practical  idea  of  it  we  may  compare  it  with  what  is 
recorded  of  Parker's  great  lens,  whose  diameter  was  32^  inches 
and  focal  length  six  feet  eight  inches.  The  effect  of  this,  suppos- 
ing all  the  light  and  heat  transmitted,  and  the  focal  concentration 
perfect,  (both  conditions  very  imperfectly  satisfied,)  would  be  to 
enlarge  the  sun's  effective  angular  diameter  to  23^  26',  which, 
compared  on  the  same  principle  with  a  sun  of  32'  in  diameter, 
would  give  a  multiplier  of  only  1915  instead  of  47000.  The  heat 
to  which  the  comet  was  subjected  therefore  surpassed  that  in  the 
focus  of  the  lens  in  question,  on  the  lowest  calculation,  in  the  pro- 
portion of  24^  to  1.  Yet  that  lens  melted  camelian,  agate,  and 
rock  crystal ! 

(593.)  To  this  extremity  of  heat  however  the  comet  was  exposed 
but  for  a  short  time.  Its  actual  velocity  in  perihelio  was  no  less 
than  366  miles  per  second,  and  the  whole  of  that  segment  of  its 
orbit  above  (».  e,  north  of)  the  plane  of  the  ecliptic,  and  in  which, 
as  will  appear  from  a  consideration  of  the  elements,  the  perihelion 
was  situated,  was  described  in  Kttle  more  than  two  hours ;  such 
being  the  whole  duration  of  the  time  from  the  ascending  to  the 
descending  node,  or  in  which  the  comet  had  north  latitude. 
Arrived  at  the  descending  node,  its  distance  from  the  sun  would 
be  already  doubled,  and  the  radiation  reduced  to  one  fourth  of  its 
maximum  amount.  The  comet  of  1680,  whose  perihelion  distance 
was  0*0062,  and  which  therefore  approached  the  sun's  surface 
within  one  third  part  of  his  radius  (more  than  double  the  distance 
of  the  comet  now  in  question)  was  computed  by  Newton  to  have 
been  subjected  to  an  intensity  of  heat  2000  times  that  of  red-hot  iron, 
—a  term  of  comparison  indeed  of  a  very  vague  description,  and 
which  modem  thermotics  do  not  recognize  as  affording  a  legitimate 
measure  of  radiant  heat* 

(594.)  Although  some  of  the  observations  of  this  comet  were 
vague  and  inaccurate,  yet  there  seem  good  grounds  for  believing 

*  A  tia&at  of  this  comet  over  the  sun's  disc  miist  probaUj  have  taken  place 
shortly  after  its  pasuge  through  its  descending  node.  It  is  greatly  to  be  regretted 
that  so  interesting  a  phenomenon  should  have  passed  unobserved.  Whether  it  be 
possible  that  some  ofibet  of  its  tail,  darted  off  so  kte  as  the  7th  of  March,  when  the 
comet  was  already  far  south  of  the  ecliptic,  should  have  crossed  that  plane  and  been 
seen  near  the  Pleiades,  may  be  doubted.  Certain  it  is,  that  on  the  evening  of  that 
day,  a  decidedly  comedc  ray  was  seen  in  the  immediate  neighbourhood  of  those 
stars  by  Mr.  Nasmyth.    ( Ast.  8oc.  Notices,  vol.  v.  p.  370.) 
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that  its  whole  course  cannot  be  reconciled  with  a  parabolic  orbit, 
and  that  it  really  describes  an  ellipse.  Previous  to  any  calculation, 
it  was  remarked  that  in  the  year  1668  the  tail  of  an  immense  comet 
was  seen  in  Lisbon,  at  Bologna,  in  Brazil,  and  elsewhere,  occu- 
pying nearly  the  same  situation  among  the  stars,  and  at  the  same 
season  of  the  year,  viz,  on  the  5th  of  March  and  the  following 
days.  Its  brightness  was  such  that  its  reflected  trace  was  easily 
distinguished  on  the  sea.  The  head,  when  it  at  length  came  in 
sight,  was  comparatively  faint  and  scarce  discernible-  No  pre- 
cise observations  were  made  of  this  comet,  but  the  singular  coinci- 
dence of  situation,  season  of  the  year,  and  physical  resemblance, 
excited  a  strong  suspicion  of  the  identity  of  the  two  bodies, 
implying  a  period  of  175  years  within  a  day  or  two  mare  or  less. 
This  suspicion  has  been  converted  almost  into  a  certainty  by  a 
careful  examination  of  what  is  recorded  of  the  older  comet. 
Locating  on  a  celestial  chart  the  situation  of  the  head,  concluded 
from  the  direction  and  appearance  of  the  tail,  when  only  that  was 
seen,  and  its  visible  place,  when  mentioned,  according  to  the 
descriptions  given,  it  has  been  found  practicable  to  derive  a  rough 
orbit  from  the  course  thus  laid  down :  and  this  agrees  in  all  its 
features  so  well  with  that  of  the  modem  comet  as  nearly  to  remove 
all  doubt  on  the  subject.  Comets,  moreover,  are  recorded  to  have 
been  seen  in  a.  d.  268, 442-3, 791, 968, 1143, 1317, 1494,  which 
may  have  been  returns  of  this,  since  the  period  above-mentioned 
would  bring  round  its  appearance  to'  the  years  268,  443,  618, 
793, 968, 1143, 1318,  and  1493,  and  a  certain  latitude  must  always 
be  allowed  for  unknown  perturbations. 

(595.)  But  this  is  not  the  only  comet  on  record  whose  identity 
with  the  comet  of  '43  has  been  maintained.  In  1689  a  comet 
bearing  a  considerable  resemblance  to  it  was  observed  from  the 
8th  to  the  23d  of  December,  and  from  the  few  and  rudely  observed 
places  recorded,  its  elements  had  been  calculated  by  Pingr6,  one 
of  the  most  diligent  inquirers  into  this  part  of  astronomy.*  From 
these  it  appears  that  the  perihelion  distance  of  that  comet  was  very 
remarkably  small,  and  a  sufficient  though  indeed  rough  coincidence 
in  the  places  of  the  perihelion  and  node  tended  to  corroborate  the 
suspicion.     But  the  inclination  (69°)  assigned  to  it  by  Pingre 

*  Aathor  of  the  «  Com^tographie,"  a  work  indispeiuable  to  all  who  would  study 
this  interesting  department  of  the  science. 

23 
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appeared  conclusive  against  it.  On  recomputing  the  elements, 
however,  from  his  <lata,  Professor  Pierce  has  assigned  to  that 
comet  an  inclination  widely  differing  from  Pingrd's,  viz.  30^  4',* 
and  quite  within  reasonable  limits  of  resemblance.  But  how  does 
this  agree  with  the  longer  period  of  175  years  before  assigned  ? 
To  reconcile  this  we  must  suppose  that  these  175  years  comprise 
at  least  eight  returns  of  the  comet,  and  that  in  effect  a  mean  period 
of  217-875  must  be  allowed  for  its  return.  Now  it  is  worth  re- 
marking that  this  period  calculated  backwards  from  1843*156  will 
bring  us  upon  a  series  of  years  remarkable  for  the  appearance  of 
great  comets,  many  of  which,  as  well  as  the  imperfect  descriptions 
we  have  of  their  appearance  and  situation  in  the  heavens,  offer  at 
least  no  obvious  contradiction  to  the  supposition  of  their  identity 
with  this.  Besides  those  already  mentioned  as  indicated  by  the 
period  of  175  years,  we  may  specify  as  probable  or  possible  inter- 
mediate returns,  those  of  the  comets  of  1733  ?,t  1689  above- 
mentioned,  1559?,  1537,f  1515,§  1471,  1426,  1405-6,  1383, 
1361,  1340,11  1296,  1274,  1230,11  1208,  1098,  1056,  1034, 
1012,**  990?,tt  925?,  858??,  684,$$  552,  530,§§  421,  245  or 
247,1111  180,W  158.     Should  this  view  of  the  subject  be  the  true 

•  United  States  G&rette,  May  39,  1 843.  Considering  that  all  the  ohservatioDS 
lie  near  the  descending  node  of  the  orbit,  the  proximity  of  the  comet  at  that  time  to 
the  sun,  and  the  loose  nature  of  the  recorded  obserrations,  no  doubt  almost  any 
given  inclination  might  be  deduced  from  them.  The  true  test  in  such  cases  is  not 
to  ascend  from  the  old  incorrect  data  to  elements,  but  to  descend  from  known  and 
certain  elements  to  Uie  older  datai  and  ascertain  whether  the  recorded  phenomena 
can  be  represented  by  them  (perturbations  included)  within  fair  limits  of  interpre- 
tation.    Such  is  the  coarse  pursued  by  Clausen. 

f  P.  Passage  1733-78 1.  The  great  southern  comet  of  May  17th  seems  too  early 
in  the  year. 

^  P.  P.  1686*906.    In  January  1637,  a  comet  was  seen  m  Pisces. 

§  P.  P.  1 6 1 603 1.  A  comet  predicUd  the  death  of  Ferdinand  the  Catholic  He 
died  Jan.  23, 1515. 

II  P.  P.  1 340-03 1.    Evidently  a  southern  comet,  and  a  very  probable  appearance. 

%  P.  P.  1230*666,  was  perhaps  a  return  of  Halley's. 

**  P.  P.  1011-906.  In  1012,  a  very  great  comet  in  the  souUiem  part  of  Uie 
heavens.  "  Son  ^clat  blessait  les  yeux."  (Pingr6  Com^tographie,  from  whom  all 
these  recorded  appearances  are  taken.) 

ft  P.  P.  990*031.  «  Comdte  fort  ^pouvantable,"  some  year  between  989  and  998. 

^^P.  P.  683*781.  In  684,  appeared  two  or  three  comets.  Dates  begin  to  be 
dbecure. 

§$  Two  distinct  comets  (one  probably  the  comet  of  Cssar  and  1680)  appeared 
in  630  and  531^  the  former  observed  in  China,  the  latter  in  Europe. 

nil  P.  P.  246-281 ;  both  southern  comets  of  the  Chinese  annals.  The  year  of 
one  or  other  may  be  wrong. 

Tf  P.  P.  180*656.    Nov.  6,  ▲.  n.  180.     A  southern  comet  of  the  Chinese 
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one,  we  may  expect  its  return  about  the  end  of  1864  or  beginning 
of  1865,  in  which  event  it  will  be  observable  m  the  Southern 
Hemisphere  both  before  and  after  its  perihelion  passage.* 

(596.)  M.  Clausen^from  the  assemblage  of  all  the  observations 
of  this  comet  known  to  him,  has  calculated  elliptic  elements  which 
give  the  extraordinarily  short  period  of  6-38  years.  And  in 
effect  it  has  been  suggested  that  a  still  further  subdivision  of  the 
period  of  21*875  into  three  of  7*292  years  would  reconcile  this 
with  other  remarkable  comets.  This  seems  going  too  far,  but  at 
all  events  the  possibility  of  representing  its  motions  by  so  short  an 
ellipse  will  easily  reconcile  us  to  the  admission  of  a  period  of  21 
years.  That  it  should  only  be  visible  in  certain  apparitions,  and 
not  in  others,  is  sufficiently  explained  by  the  situation  of  its  orbit. 

(597.)  We  have  been  somewhat  diffuse  on  the  subject  of  this 
comet,  for  the  sake  of  showing  the  degree  and  kind  of  interest 
which  attaches  to  cometic  astronomy  in  the  present  state  of  the 
science.  In  fact,  there  is  no  branch  of  astronomy  more  replete 
with  interest,  and  we  may  add  more  eagerly  pursued  at  present, 
inasmuch  as  the  hold  which  exact  calculation  gives  us  on  it  may 
be  regarded  as  completely  established  ;  so  that  whatever  may  be 
concluded  as  to  the  motions  of  any  comet  which  shall  hencefor- 
ward come  to  be  observed,  will  be  concluded  ensure  grounds  and 
with  numerical  precision ;  while  the  improvements  which  have 
been  introduced  into  the  calculation  of  cometary  perturbation,  and 
the  daily  increasing  familiarity  of  numerous  astronomers  with  com- 
putations of  this  nature,  enable  us  to  trace  their  past  and  future 
history  with  a  certainty,  which  at  the  commencement  of  the  present 
century  could  hardly  have  been  looked  upon  as  attainable.  Every 
comet  newly  discovered  is  at  once  subjected  to  the  ordeal  of  a 
most  rigorous  inquiry.  Its  elements,  roughly  calculated  within  a 
few  days  of  its  appearance,  are  gradually  approximated  to  as  ob- 
servations accumulate,  by  a  multitude  of  ardent  and  expert  com- 
putists.  On  the  least  indication  of  a  deviation  from  a  parabolic 
orbit,  its  elliptic  elements  become  a  subject  of  universal  and  lively 
interest  and  discussion.  Old  records  are  ransacked,  and  old 
observations  reduced,  with  all  the  advantage  of  improved  data  and 
methods,  so  as  to  rescue  from  oblivion  the  orbits  of  ancient  comets 
which  present  any  similarity  to  that  of  the  new  visitor.     The  dis- 

*  Clanflen,  Aatron.  Nachr.  No*  486. 
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turbances  undergone  in  the  interval  by  the  action  of  the  planets 
are  investigated,  and  the  past,  thus  brought  into  unbroken  con* 
nexion  with  the  present,  is  made  to  afibrd  substantial  ground  for 
prediction  of  the  future.  A  great  impulse  meanwhile  has  been 
given  of  late  years  to  the  discovery  of  comets  by  the  establishment 
in  1840,*  by  his  late  majesty  the  king  of  Denmark,  of  a  prize 
medal  to  be  awarded  for  every  such  discovery,  to  the  first  observer, 
(the  influence  of  which  may  be  most  unequivocally  traced  in  the 
great  number  of  these  bodies  which  every  successive  year  sees 
added  to  our  list,)  and  by  the  circulation  of  notices,  by  special 
letter,t  of  every  such  discovery  (accompanied,  when  possible,  by 
an  ephemeris),  to  all  observers  who  have  shown  that  they  take  an 
interest  in  the  inquiry,  so  as  to  ensure  the  full  and  complete  obser- 
vation of  the  new  comet  so  long  as  it  remains  within  the  reach  of 
our  telescopes. 

(598.)  It  is  by  no  means  merely  as  a  subject  of  antiquarian  in- 
terest, or  on  account  of  the  brilliant  spectacle  which  comets  bcca- 
sionally  aflbrd,  that  astronomers  attach  a  high  degree  of  importance 
to  all  that  regards  them.  Apart  even  from  the  singularity  and 
mystery  which  appertains  to  their  physical  constitution,  they  have 
become,  through  the  medium  of  exact  calculation,  unexpected  in- 
struments of  inquiry  into  points  connected  with  the  planetary 
system  itself,  of  no  small  importance.  We  have  seen  that  the 
movement?  of  the  comet  of  Encke,  thus  minutely  and  perseveringly 
traced  by  the  eminent  astronomer  whose  name  is  used  to  distinguish 
it,  has  afforded  ground  for  believing  in  the  presence  of  a  resisting 
medium  filling  the  whole  of  our  system.  Similar  inquiries,  pro- 
secuted in  the  cases  of  other  periodical  comets,  will  extend,  con- 
firm, or  modify  our  conclusions  on  this  head.  The  perturbations, 
too,  which  comets  experience  in  passing  near  any  of  the  planets, 
may  afford,  and  have  afforded,  information  as  to  the  magnitude  of 
the  disturbing  masses,  which  could  not  well  be  otherwise  obtained. 
Thus  the  approach  of  this  comet  to  the  planet  Mercury  in  1838 
afforded  an  estimation  of  the  mass  of  that  planet  the  more  precious, 
by  reason  of  the  great  uncertainty  under  which  all  previous  deter- 
minations of  that  element  laboured.  Its  approach  to  the  same 
planet  in  the  present  year  (1848)  will  be  still  nearer.     On  the  22d 

*  See  ihe  announcement  of  this  institution  in  Astron.  Nachr.  No.  400. 
f  By  Pro£  Schumacheri  Dixector  of  the  Royal  Obsenratoiy  of  Altona. 
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of  November  their  mutual  distance  will  he  only  fifteen  times  the 
moon's  distance  from  the  earth. 

(599.)  It  is,  however,  in  a  physical  point  of  view,  that  these 
bodies  ofier  the  greatest  stimulus  to  our  curiosity.  There  is, 
beyond  question,  some  profound  secret  and  mystery  of  nature  con* 
cerned  in  the  phenomenon  of  their  tails.  Perhaps  it  is  not  too 
much  to  hope  that  future  observation,  borrowing  every  aid  from 
rational  speculation,  grounded  on  the  progress  of  physical  science 
generally,  (especially  those  branches  of  it  which  relate  to  the 
setherial  or  imponderable  elements,)  may  ere  long  enable  us  to 
penetrate  this  mystery,  and  to  declare  whether  it  is  really  matter 
in  the  ordinary  acceptation  of  the  term  which  is  projected  from 
their  heads  with  such  extravagant  velocity,  and  if  not  impelled,  at 
least  directed  in  its  course  by  a  reference  to  the  sun,  as  its  point 
of  avoidance.  In  no  respect  is  the  question  as  to  the  materiality 
of  the  tail  more  forcibly  pressed  on  us  for  consideration,  than  in 
that  of  the  enormous  sweep  which  it  makes  round  the  sun  in 
perihelio,  in  the  manner  of  a  straight  and  rigid  rod,  in  defiance  of 
the  law  of  gravitation,  nay,  even  of  the  received  laws  of  motion, 
extending  (as  we  have  seen  in  the  comets  of  1680  and  1843)  from 
near  the  sun's  surface  to  the  earth's  orbit,  yet  whirled  round  un* 
broken  ;  in  the  latter  case  through  an  angle  of  180^  in  little  more 
than  two  hours.  It  seems  utterly  incredible  that  in  such  a  case  it 
is  one  and  the  same  material  object  which  is  thus  brandished.  If 
there  could  be  conceived  such  a  thing  as  a  negative  shadqWy  a 
momentary  impression  made  upon  the  luminiferous  sether  behind 
the  comet,  this  would  represent  in  some  degree  the  conception 
such  a  phenonienon  irresistibly  calls  up.  But  this  is  not  all.  Even 
such  an  extraordinary  excitement  of  the  sether,  conceive  it  as  we 
will,  will  afibrd  no  account  of  the  projection  of  lateral  streamers ; 
of  the  effusion  of  light  from  the  nucleus  of  a  comet  towards  the 
sun ;  and  its  subsequent  rejection ;  of  the  irregular  and  capricious 
mode  in  which  that  efiusion  has  been  seen  to  take  place ;  none, 
of  the  clear  indications  of  alternate  evaporation  and  condensation 
going  on  in  the  immense  regions  of  space  occupied  by  the  tail  and 
coma, — none,  in  short,  of  innumerable  other  facts  which  link  them- 
selves with  almost  equally  irresistible  cogency  to  our  ordinary 
notions  of  matter  and  force. 

(600.)  The  great  number  of  comets  which  appear  to  move  in 
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parabolic  orbits,  or  orbits  at  least  undistinguishable  flroni  parabolas 
daring  their  description  of  that  comparatively  small  part  within 
the  range  of  their  visibility  to  as,  has  given  rise  to  an  impression 
that  they  are  bodies  extraneoas  to  our  system,  wandering  through 
space,  and  merely  yielding  a  local  and  temporary  obedience  to  its 
laws  during  their  sojourn.  What  truth  there  may  be  in  this  view, 
we  may  never  have  satisfactory  grounds  for  deciding.  On  such 
an  hypothesis,  our  elliptic  comets  owe  their  permanent  denizen- 
ship  within  the  sphere  of  the  sun's  predominant  attraction  to  the 
action  of  one  or  other  of  the  planets  near  which  they  may  have 
passed,  in  such  a  manner  as  to  diminish  their  velocity,  and  render 
it  compatible  with  elliptic  motion.*  A  similar  cause  acting  the 
other  way,  might  with  equal  probability,  give  rise  to  a  hyperbolic 
motion.  But  whereas  in  the  former  case,  the  comet  would  remain 
in  the  system,  and  might  make  an  indefinite  number  of  revolu- 
tions, in  the  latter  it  would  return  no  more.  This  may  possibly 
be  the  cause  of  the  exceedingly  rare  occurrence  of  a  hyperbolic 
comet  as  compared  with  elliptic  ones. 

(601.)  AH  the  planets  without  exception,  and  almost  all  the 
satellites,  circulate  in  one  direction  round  the  sun.  Retrograde 
comets,  however,  are  of  very  common  occurrence,  which  certainly 
would  go  to  assign  them  an  exterior  or  at  least  an  independent 
origin.  Laplace,  from  a  consideration  of  all  the  cometary  orbits 
known  in  the  earlier  part  of  the  present  century,  concluded,  that 
the  mean  or  average  situation  of  th6  planes  of  all  the  cometary 
orbits,  with  respect  to  the  ecliptic,  was  so  nearly  that  of  perpen- 
dicularity, as  to  afford  no  presumption  of  any  cause  biassing  their 
directions  in  this  respect.  Yet  we  think  it  worth  noticing  that 
among  the  comets  which  are  as  yet  known  to  describe  elliptic 
orbits,  not  one  whose  inclination  is  under  17°  is  retrograde ;  and 
that  out  of  thirty-six  comets  which  have  had  elliptic  elements 
assigned  to  them,  whether  of  great  or  small  excentricities,  and 
without  any  limit  of  inclination,  only  five  are  retrograde,  and  of 
these,  only  two,  viz.  Halley's  and  the  great  comet  of  1843,  can  be 
regarded  as  satisfactorily  made  out.  Finally,  of  the  125  comets 
whose  elements  are  given  in  the  collection  of  Schumacher  and 
Olbers,  up  to  1823,  the  number  of  retrograde  comets  under  10^ 

*  The  velocity  in  an  ellipse  \b  always  less  than  m  a  parabola,  at  equal  distances 
from  the  sun ;  in  an  hyperbola  always  grealer. 
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of  incIiDation  is  only  2  out  of  9,  and  under  20^,  7  out  of  23.  A 
plane  of  motion  therefore,  nearly  coincident  with  the  ecliptic,  and 
a  periodical  return,  are  circumstances  eminently  favourable  to 
direct  revolution  in  the  cometary  as  they  are  decisive  among  the 
planetary  orbits. 


PART  11. 

OF  THE  LUNAB  AND  PLANETABT  PERTURBATIONS. 
'  Magnus  ab  integro  saedorum  naflcitnr  ordo/' — Vibo.  PcUio. 


CHAPTER  Xn. 

SUBJECT  PROPOUNDED. — PROBLEM  OF  THREE  BODIES. — SUPERPOSI- 
TION    OF    SMALL     MOTIONS. ESTIMATION    OF    THE    DISTURBING 

FORCE. — ITS  GEOMETRICAL  REPRESENTATION. — ^NUMERICAL  ESTI- 
MATION IN  PARTICULAR  CASES. — RES0LX7TI0N  INTO  RECTANGU- 
LAR COMPONENTS. — ^RADIAL,  TRANSVERSAL,  AND  ORTHOGONAL 
DISTURBING  FORCES. — NORMAL  AND  TANGENTIAL. — ^THEIR  CHA- 
RACTERISTIC EFFECTS. — EFFECTS  OF  THE  ORTHOGONAL  FORCE. 

MOTION  OF  THE  NODES. — CONDITIONS  OF  THEIR  ADVANCE  AND 
RECESS.— i^ASES  OF  AN  EXTERIOR  PLANET  DISTURBED  BY  AN  IN- 
TERIOR.— THE  REVERSE  CASE. — IN  EVERY  CASE  THE  NODE  OF 
THE  DISTURBED  ORBIT  RECEDES  ON  THE  PLANE  OF  THE  DISTURB- 
ING ON  AN  AVERAGE. — COMBINED  EFFECT  OF  MANY  SUCH  DIS- 
TURBANCES.— MOTION  OF  THE  MOON's  NODES. — CHANGE  OF  IN- 
CLINATION.—CONDITIONS  OF  ITS  INCREASE  AND  DIMINUTION. — 
AVERAGE  EFFECT  IN  A  WHOLE  REVOLUTION.^-COMPENSATION  IN 
A  COMPLETE  REVOLUTION  OF  THE  NODES. — LAGRANGe's  THEOREM 
OF  THE  STABILITY  OF  THE  INCLINATIONS  OF  THE  PLANETARY 
ORBITS. — CHANGE   OF  OBLIQUITY  OF  THE  ECLIPTIC. — ^PRECESSION 

OF    THE    EQUINOXES    EXPLAINED. — NUTATION. PRINCIPLE   OF 

FORCED  VIBRATIONS. 

« (602.)  In  the  progress  of  this  work,  we  have  more  than  once 
called  the  reader's  attention  to  the  existence  of  inequalities  in  the 
lunar  and  planetary  motions  not  included  in  the  expression  of 
Kepler's  laws,  but  in  some  sort  supplementary  to  them,  and  of  an 


PBBTX7BBATIOK8.  861 

order  so  far  subordinate  to  those  leading  features  of  the  celestial 
moTementS)  as  to  require,  for  their  detection,  nicer  observations, 
and  longer-continued  comparison  between  facts  and  theories,  than 
suffice  for  the  establishment  and  verification  of  the  elliptic  theory. 
These  inequalities  are  known,  in  physical  astronomy,  by  the  name 
o(  perturbations.  They  arise,  in  the  case  of  the  primary  planets,  from 
the  mutual  gravitations  of  these  planets  towards  each  other,  which 
derange  (heir  elliptic  motions  round  the  sun ;  and  in  that  of  the 
secondaries,  partly  from  the  mutual  gravitation  of  the  secondaries 
of  the  same  system  similarly  deranging  their  elliptic  motions  round 
their  common  primary,  and  partly  from  the  unequal  attraction  of 
the  sun  and  planets  on  them  and  on  their  primary.  These  pertur- 
bations, although  small,  and,  in  most  instances,  insensible  in  short 
intervals  of  time,  yet,  when  accumulated,  as  some  of  them  may 
become,  in  the  lapse  of  ages,  alter  very  greatly  the  original  elliptic 
relations,  so  as  to  render  the  same  elements  of  the  planetary  orbits, 
which  at  one  epoch  represented  perfectly  well  their  movements, 
inadequate  and  unsatisfactory  afler  long  intervals  of  time. 

(603.)  When  Newton  first  reasoned  his  way  from  the  broad 
features  of  the  celestial  motions,  up  to  the  law  of  universal  gravita- 
tion, as  affecting  all  matter,  and  rendering  every  particle  in  the 
universe  subject  to  the  influence  of  every  other,  he  was  not  una- 
ware of  the  modifications  which  this  generalization  would  induce 
upon  the  results  of  a  more  partial  and  limited  application  of  the 
same  law  to  the  revolutions  of  the  planets  about  the  sun,  and  the 
satellites  about  their  primaries,  as  their  only  centres  of  attraction. 
So  far  from  it,  his  extraordinary  sagacity  enabled  him  to  perceive 
very  distinctly  how  several  of  the  most  important  of  the  lunar  in- 
equalities take  their  origin,  in  this  more  general  way  of  conceiving 
the  agency  of  the  attractive  power,  especially  the  retrograde  mo- 
tion of  the  nodes,  and  the  direct  revolution  of  the  apsides  of  her 
orbit.  And  if  he  did  not  extend  his  investigations  to  the  mutual 
perturbations  of  the  planets,  it  was  not  for  want  of  perceiving  that 
such  perturbations  must  exist,  and  might  go  the  length  of  produc- 
ing great  derangements  from  the  actual  state  of  the  system,  but 
was  owing  to  the  then  undeveloped  state  of  the  practical  part  of 
astronomy,  which  had  not  yet  attained  the  precision  requisite  to 
make  such  an  attempt  inviting,  or  indeed  feasible.  What  New- 
ton left  undone,  however,  his  successors  have  accomplishsd ;  and. 
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at  this  day,  it  is  hardly  too  much  to  assert  that  there  is  not  a  ^ngle 
perturbation,  great  or  small,  which  observation  has  become  precise 
enough  clearly  to  detect  and  place  in  evidence  which  has  not  been 
traced  up  to  its  origin  in  the  mutual  gravitation  of  the  parts  of  our 
system,  and  minutely  accounted  for,  in  its  numerical  amount  and 
value,  by  strict  calculation  on  Newton's  principles. 

(604.)  Calculations  of  this  nature  require  a  very  high  analysis 
for  their  successful  performance,  such  as  is  far  beyond  the  scope 
and  object  of  this  work  to  attempt  exhibiting.  The  reader  who 
would  master  them  must  prepare  himself  for  the  undertaking  by  an 
extensive  course  of  preparatory  study,  and  must  ascend  by  steps 
which  we  must  not  here  even  digress  to  point  out.  It  will  be  our 
object,  in  this  chapter,  to  give  some  general  insight  into  the  nature 
and  manner  of  operation  of  the  acting  forces,  and  to  point  out 
what  are  the  circumstances  which,  in  some  cases,  give  them  a 
high  degree  of  efficiency — a  sort  of  purchase  on  the  balance  of  the 
system ;  while,  in  others,  with  no  less  amount  of  intensity,  their 
effective  agency  in  producing  extensive  and  lasting  changes  is 
compensated  or  rendered  abortive  ;  as  well  as  to  explain  the  na- 
ture of  those  admirable  results  respecting  the  stability  of  our  sys- 
tem, to  which  the  researches  of  geometers  have  conducted  them ; 
and  which,  under  the  form  of  mathematical  theorems  of  great  sim- 
plicity and  elegance,  involve  the  history  of  the  past  and  future 
state  of  the  planetary  orbits  during  ages,  of  which,  contemplating 
the  subject  in  this  point  of  view,  we  neither  perceive  the  beginning 
nor  the  end. 

(605.)  Were  there  no  other  bodies  in  the  universe  but  the  sun 
and  one  planet,  the  latter  would  describe  an  exact  ellipse  about 
the  former  (or  both  round  their  common  centre  of  gravity),  and 
continue  to  perform  its  revolutions  in  one  and  the  same  orbit  for 
ever ;  but  the  moment  we  add  to  our  combination  a  third  body, 
the  attraction  of  this  will  draw  both  the  former  bodies  out  of  their 
mutual  orbits,  and,  by  acting  on  them  unequally,  will  disturb  their 
relation  to  each  other,  and  put  an  end  to  the  rigorous  and  mathe- 
matical exactness  of  their  elliptic  motions,  not  only  about  a  fixed 
point  in  space,  but  about  one  another.  From  this  way  of  pro- 
pounding the  subject,  we  see  that  it  is  not  the  whole  attraction  of 
the  newly-introduced  body  which  produces  perturbation,  but  the 
difference  of  its  attractions  on  the  two  originally  present* 
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(606.)  Compared  to  the  sun,  all  the  planets  are  of  extreme 
minuteness ;  the  mass  of  Jupiter,  the  greatest  of  them  all,  being 
not  more  than  about  one  1100th  part  that  of  the  sun.  Their  attrac- 
tions on  each  other,  therefore,  are  all  Ycry  feeble,  compared  with 
the  presiding  central  power,  and  the  effects  of  their  disturbing 
forces  are  proportionally  minute.  In  the  case  of  the  secondaries, 
the  chief  agent  by  which  their  motions  are  deranged  is  the  sun 
Itself,  whose  mass  is  indeed  great,  but  whose  disturbing  influence 
is  immensely  diminished  by  their  near  proximity  to  their  prima- 
ries, compared  to  their  distances  from  the  sun,  which  renders  the 
diffei-ence  of  attractions  on  both  extremely  small,  compared  to  the 
whole  amount.  In  this  case  the  greatest  part  of  the  sun's  attrac- 
tion, viz.  that  which  is  common  to  both,  is  exerted  to  retain  both 
primary  and  secondary  in  their  common  orbit  about  itself,  and 
prevent  their  parting  company.  Only  the  small  overplus  of  force 
on  one  as  compared  with  the  other  acts  as  a  disturbing  power. 
The  mean  value  of  this  overplus,  in  the  case  of  the  moon  dis* 
turbed  by  the  sun,  is  calculated  by  Newton  to  amount  to  no  higher 
a  fraction  than  91901^9  ^^  gravity  at  the  earth's  surface,  or  7^7  of 
the  principal  force  which  retains  the  moon  in  its  orbit. 

(607.)  From  this  extreme  minuteness  of  the  intensities  of  the 
disturbing,  compared  to  the  principal  forces,  and  the  consequent 
smaliness  of  their  momentary  effects,  it  happens  that  we  can  esti- 
mate each  of  these  effects  separately,  as  if  the  others  did  not  take 
place,  without  fear  of  inducing  error  in  our  conclusions  beyond 
the  limits  necessarily  incident  to  a  first  approximation.  It  is  a 
principle  in  mechanics,  immediately  flowing  from  the  primary 
relations  between  forces  and  the  motions  they  produce,  that  when 
a  number  of  very  minute  forces  act  at  once  on  a  system,  their 
joint  effect  is  the  sum  or  aggregate  of  their  separate  effects,  at  least 
within  such  limits,  that  the  original  relation  of  the  parts  of  the 
system  shall  not  have  been  materially  changed  by  their  action. 
Such  effects  supervening  on  the  greater  movements  due  to  the 
action  of  the  primary  forces  may  be  compared  to  the  small  rip- 
lings  caused  by  a  thousand  varying  breezes  on  the  broad  and 
regular  swell  of  a  deep  and  rolling  ocean,  which  run  on  as  if  the 
surface  were  a  plane,  and  cross  in  all  directions  without  interfer- 
ing, each  as  if  the  other  had  no  existence.  It  is  only  when  their 
efiects  become  accumulated  in  lapse  of  time,  so  as  to  alter  the 
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primary  relations  or  data  of  the  system,  that  it  becomes  necessary 
to  have  especial  regard  to  the  changes  correspondingly  introduced 
into  the  estimation  of  their  momentary  efficiency,  by  which  the  rate 
of  the  subsequent  changes  is  affected,  and  periods  or  cycles  of 
immense  length  take  their  origin.  From  this  consideration  arise 
some  of  the  most  curious  theories  of  physical  astronomy. 

(608.)  Hence  it  is  evident,  that  in  estimating  the  disturbing 
influence  of  several  bodies  forming  a  system,  in  which  one  has  a 
remarkable  preponderance  over  all  the  rest,  we  need  not  embar- 
rass ourselves  with  combinations  of  the  disturbing  powers  one 
among  another,  unless  where  immensely  long  periods  are  con- 
cerned ;  such  as  consist  of  many  hundreds  of  revolutions  of  the 
bodies  in  question  about  their  common  centre.  So  that,  in  effect, 
80  far  as  we  propose  to  go  into  its  consideration,  the  problem  of 
the  investigation  of  the  perturbations  of  a  system,  however  nu- 
merous, constituted  as  ours  is,  reduces  itself  to  that  of  a  system 
of  three  bodies :  a  predominant  central  body,  a  disturbing,  and  a 
disturbed ;  the  two  latter  of  which  may  exchange  denominations, 
according  as  the  motions  of  the  one  or  the  other  are  the  subject 
of  inquiry. 

(609.)  Both  the  intensity  and  direction  of  the  disturbing  force 
are  continually  varying,  according  to  the  relative  situation  of  the 
disturbing  and  disturbed  body  with  respect  to  the  sun.  If  the 
attraction  of  the  disturbing  body  M,  on  the  central  body  S,  and 
the  disturbed  body  P,  (by  which  designations,  for  brevity,  we 
shall  hereafter  indicate  them,)  were  equal,  and  acted  in  paraDel 
lines,  whatever  might  otherwise^be  its  law  of  variation,  there  would 
be  no  deviation  caused  in  the  elliptic  motion  of  P  about  S,  or  of 
each  about  the  other.  The  case  would  be  strictly  that  of  art.  454 ; 
the  attraction  of  M,  so  circumstanced,  being  at  every  moment 
exactly  analogous  in  its  effects  to  terrestrial  gravity,  which  acts  in 
parallel  lines,  and  is  equally  intense  on  all  bodies,  great  and  small. 
But  this  is  not  the  case  of  nature.  Whatever  is  stated  in  the  sub- 
sequent article  to  that  last  cited,  of  the  disturbing  effect  of  the 
sun  and  moon,  is,  mutatis  mutandisy  applicable  to  every  case  of 
perturbation ;  and  it  must  be  now  our  business  to  enter,  somewhat 
more  in  detail,  into  the  general  heads  of  the  subject  there  merely 
hinted  at. 

(610.)  To  obtain  clear  ideas  of  the  manner  in  which  the  dis- 
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turbing  force  produces  its  various  effects,  we  must  ascertain  at  any 
given  moment,  and  in  any  relative  situations  of  the  three  bodies, 
its  direction  and  intensity  as  compared  with  the  gravitation  of  P 
towards  S,  in  virtue  of  which  latter  force  alone  P  would  describe 
an  ellipse  about  S  regarded  as  fixed,  or  rather  P  and  S  about  their 
common  centre  of  gravity  in  virtue  of  their  mutual  gravitation  to 
each  other.  In  the  treatment  of  the  problem  of  three  bodies,  it 
is  convenient,  and  tends  to  clearness  of  apprehension,  to  regard 
one  of  them  as  fixed ,  and  refer  the  motions  of  the  others  to  it  as 
to  a  relative  centre.  In  the  case  of  two  planets  disturbing  each 
other's  motions,  the  sun  is  naturally  chosen  as  this  fixed  centre ; 
but  in  that  of  satellites  disturbing  each  other,  or  disturbed  by  the 
sun,  the  centre  of  their  primary  is  taken  as  their  point  of  reference, 
and  the  sun  itself  is  regarded  in  the  light  of  a  very  distant  and 
massive  satellite  revolving  about  the  primary  in  a  relative  orbit, 
equal  and  similar  to  that  which  the  primary  describes  absolutely 
round  the  sun.  Thus  the  gienerality  of  our  language  is  preserved, 
and  when,  referring  to  any  particular  central  body,  we  speak  of  an 
exterior  and  an  interior  planet,  we  include  the  cases  in  which  the 
former  is  the  sun  and  the  latter  a  satellite ;  as,  for  example,  in  the 
Lunar  theory.  It  is  a  principle  in  dynamics,  that  the  relative 
motions  of  a  system  of  bodies  inter  se  are  no  way  altered  by 
impressing  on  all  of  them  a  common  motion  or  motions,  or  a  com- 
mon force  or  forces  accelerating  or  retarding  them  all  equally  in 
common  directions,  i.  e.  in  parallel  lines.  Suppose,  therefore,  we 
apply  to  all  the  three  bodies,  S,  P,  and  M,  alike,  forces  equal  to 
those  with  which  M  and  P  attract  S,  but  in  opposite  directions. 
Then  will  the  relative  motions  both  of  M  and  P  about  S  be  unal- 
tered ;  but  S,  being  now  urged  by  equal  and  opposite  forces  to 
and  from  both  M  and  P,  will  remain  at  rest.  Let  us  now  consider 
how  either  of  the  other  bodies,  as  P,  stands  affected  by  these  newly- 
introduced  forces,  in  addition  to  those  which  before  acted  on  it. 
It  is  clear  that  now  P  will  be  simultaneously  acted  on  by  /bur 
forces  ;  firstly,  the  attraction  of  Sin  the  direction  P  S ;  secondly, 
an  additional  force,  in  the  same  direction,  equal  to  its  attraction 
on  S ;  thirdly,  the  attraction  of  M  in  the  direction  P  M ;  and, 
fourthly,  a  force  parallel  to  M  S,  and  equal  to  M's  attraction  on  S. 
Of  these,  the  two  first,  following  the  same  law  of  the  inverse 
square  of  the  distance  S  P,  may  be  regarded  as  one  force,  pre- 
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cisely  as  if  the  sum  of  the  masses  of  S  and  P  were  collected  in 
S ;  and  in  virtue  of  their  joint  action,  P  will  describe  an  ellipse 
about  S,  except  in  so  far  as  that  elliptic  motion  is  disturbed  by  the 
other  two  forces.  Thus  we  see  that  in  this  view  of  the  subject 
the  relative  disturbing  force  acting  on  P  is  no  longer  the  mere  sin- 
gle attraction  of  M,  but  a  force  resulting  from  the  composition  of 
that  attraction  with  M's  attraction  oo  S  transferred  to  P  in  a  con- 
trary direction. 

(611.)  Let  C  P  A  be  part  of  the  relative  orbit  of  the  disturbed, 
and  M  B  of  the  disturbing  body,  their  planes  intersecting  in  the 
line  of  nodes  SAB,  and  having  to  each  other  the  inclination 
expressed  by  the  spherical  angle  P  A  a.  In  M  P,  produced  if 
required,  take  M  N :  M  S : :  M  S* :  M  P>.  Then,  if  S  M*  be  taken 
to  represent,  in  quantity  and  direction,  the  accelerative  attraction 
of  M  on  S,  M  S  will  represent  in  quantity  and  direction  the  new 
force  applied  to  P,  parallel  to  that  line,  and  N  M  will  represent  on 
the  same  scale  the  accelerative  attraction  of  M  on  P.  Conse- 
quently, the  disturbing  force  acting  on  P  will  be  the  resultant  of 
two  forces  applied  at  P,  represented  respectively  by  N  M  and  M  S, 

Fig.  76. 


which  by  the  laws  of  dynamics  are  equivalent  to  a  single  force 
represented  in  quantity  and  direction  by  N  S,  but  having  P  far  its 
point  of  application, 

*  The  reader  will  be  careful  to  observe  the  order  of  the  letters,  where  forces  an 
represented  by  lines.  M  8  repreeents  a  force  acting  from  M  towards  8,  S  M  from 
8  towards  M. 
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(612.)  The  Une  M  S,  is  easily  calculated  by  trigonometry,  when 
the  relative  situations  and  real  distances  of  the  bodies  are  known; 
and  the  force  expressed  by  that  line  is  directly  comparable  with 
the  attractive  forces  of  S  on  P  by  the  following  proportions,  in 
which  M,  S,  represent  the  masses  of  those  bodies  which  are  sup* 
posed  to  be  known,  and  to  which,  at  equal  distances,  their  attrac- 
tions are  proportional : — 

Disturbing  force  :  M's  attraction  on  S  ::  N  S  :  S  M ; 

M's  attraction  on  S  :  S's  attraction  on  M  ::  M  :  S ; 

S's  attraction  on  M  :  S's  attraction  on  P  ::  S  P*  :  S  M* :  by 
compounding  which  proportions  we  collect  as  follows : — 

Disturbing  force  :  S's  attraction  on  P  ::  M  .  N  S  .  S  P* :  S  . 
SM3. 

A  few  numerical  examples  are  subjoined,  exhibiting  the  results 
of  this  calculation  in  particular  cases,  chosen  so  as  to  exemplify 
its  application  under  very  various  circumstances,  throughout  the 
planetary  system.  In  each  case  the  numbers  set  down  express 
the  proportion  in  which  the  central  force  retaining  the  disturbed 
body  in  its  elliptic  orbit  exceeds  the  disturbing  force,  to  the  nearest 
whole  number.  The  calculation  is  made  for  three  positions  of  the 
disturbing  body — viz.  at  its  greatest,  its  least,  and  its  mean  dis- 
tance from  the  disturbed. 


Ratio  at  the 

Ratio  at  the 

Ratio  at  the 

DMnrbing  Body. 

Difltuxbed  Body. 

greatest  Dift- 

mean  Distance. 

least  Distaooe. 

tanoo  :  1. 

:1. 

:1. 

The  Sun  - 

The  Moon, 

90 

179 

89 

Jupiter    - 

Saturn,    - 

854 

812 

128 

Jupiter    - 

The  Earth,      - 

05683 

147575 

53268 

Venus 

The  Earth,      - 

255208 

210245 

26833 

Neptune  - 

Uranus,   - 

57420 

56592 

5519 

Mercury  - 

Neptune,  - 

526 

526 

526 

Jupiter    - 

Ceres 

6483 

6937 

1038 

Saturn     - 

Jupiter,   - 

20248 

21579 

8065 

(613.)  If  the  orbit  of  the  disturbing  body  be  circular,  S  M  is 
invariable.  In  this  case,  N  S  will  continue  to  represent  the  dis- 
turbing force  071  the  same  invariable  scaky  whatever  may  be  the 
configuration  of  the  three  bodies  with  respect  to  each  other.  If 
the  orbit  of  M  be  but  little  elliptic,  the  same  will  be  nearly  the 
In  what  follows  throughout  this  chapter,  except  where  the 


case. 


contrary  is  expressly  mentioned,  we  shall  neglect  the  excentricity 
of  the  disturbing  orbit. 
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(614.)  If  P  be  nearer  to  M  than  S  is,  M  N  is  greater  than  M  P, 
and  N  lies  in  M  P  prolonged,  and  therefore  on  the  opposite  side 
of  the  plane  of  P's  orbit  from  that  on  \¥hich  M  is  situated.  The 
force  N  S  therefore  urges  P  towards  that  plane,  and  towards  a 
point  X,  situated  between  S  and  M,  in  the  line  S  M.  If  the  dis- 
tance M  P  be  equal  to  M  S  as  when  P  is  situated,  suppose,  at  D 
or  £,  M  N  is  also  equal  to  M  P  or  M  S,  so  that  N  coincides  with 
P,  and  therefore  X  with  S,  the  disturbing  forces  being  in  these 
cases  directed  towards  the  central  body.  But  if  M  P  be  greater 
than  M  S,  M  N  is  less  than  M  P,  and  N  lies  between  M  and  P, 
or  on  the  same  side  of  the  plane  of  P's  orbit  that  M  is  situated  on. 
The  force  N  S,  therefore,  applied  at  P,  urges  P  towards  the  con- 
trary side  of  that  plane  towards  a  point  in  the  line  M  S  produced, 
so  that  X  now  shifts  to  the  farther  side  of  S.  In  all  cases,  the  ' 
disturbing  force  is  wholly  effective  in  the  plane  M  P  S,  in  which 
the  three  bodies  lie. 

Fig.  77. 


It  is  very  important  for  the  student  to  fix  distinctly  and  bear 
constantly  in  his  mind  these  relations  of  the  disturbing  agency 
considered  as  a  sir^le  unresolved  force^  since  their  recollection 
will  preserve  him  from  many  mistakes  in  conceiving  the  mutual 
actions  of  the  planets,  &c.  on  each  other.  For  example,  in  the 
figures  here  referred  to,  th)at  of  Art.  611,  corresponds  to  the  case 
of  a  Nearer  disturbed  by  a  more  distant  body,  as  the  earth  by  Jupi- 
ter, or  the  moon  by  the  Sun ;  and  that  of  the  present  article  to  the 
converse  case :  as,  for  instance,  of  Mars  disturbed  by  the  earth. 
Now,  in  this  latter  class  of  cases,  whenever  M  P  is  greater  than 
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M  S,  or  S  P  greater  than  2  S  M,  N  lies  on  the  same  side  of  the 
plane  of  P's  orbit  with  M,  so  that  N  S,  the  disturbing  force,  con- 
trary to  what  might  at  first  be  supposed,  always  urges  the  disturbed 
planet  out  of  the  plane  of  its  orbit  towards  the  opposite  side  to  that 
on  which  the  disturbing  planet  lies.  It  will  tend  greatly  to  give 
clearness  and  definiteness  to  his  ideas  on  the  subject,  if  he  will 
trace  out  on  various  suppositions  as  to  the  relative  magnitude  of 
the  disturbing  and  disturbed  orbits  (supposed  to  lie  in  one  plane) 
the  form  of  the  oval  about  M  considered  as  a  fixed  point,  in  which 
the  point  N  lies  when  P  makes  a  complete  revolution  round  S. 

(615.)  Although  it  is  necessary  for  obtaining  in  the  first  instance 
a  clear  conception  of  the  action  of  the  disturbing  force,  to  consider 
it  in  this  way  as  a  single  force  having  a  definite  direction  in  space 
and  a  determinate  intensity,  yet  as  that  direction  is  continually 
varying  with  the  position  of  N  S,  both  with  respect  to  the  radii 
S  P,  S  M,  the  distance  P  M,  and  the  direction  of  P's  motion,  it 
would  be  impossible,  by  so  considering  it,  to  attain  clear  views 
of  its  dynamical  efiect  after  any  considerable  lapse  of  time,  and  it 
therefore  becomes  necessary  to  resolve  it  into  other  equivalent 
forces  acting  in  such  directions  as  shall  admit  of  distinct  and 
separate  consideration*  Now  this  may  be  done  in  several  different 
modes.  First,  we  may  resolve  it  into  three  forces  acting  in  fixed 
directions  in  space  rectangular  to  one  another,  and  by  estimating 
its  effect  in  each  of  these  three  directions  separately,  conclude  the 
total  or  joint  effect.  This  is  the  mode  of  procedure  which  affords 
the  readiest  and  most  advantageous  handle  to  the  problem  of  per- 
turbations when  taken  up  in  all  its  generality,  and  is  accordingly 
that  resorted  to  by  geometers  of  the  modern  school  in  all  their 
profound  researches  on  the  subject.  Another  mode  consists  in 
resolving  it  also  into  three  rectangular  components,  not,  however, 
in  fixed  directions,  but  in  variable  ones,  viz.  in  the  directions  of 
the  lines  N  Q,  Q  L,  and  L  S,  of  which  L  S  is  in  the  direction  of 
the  radius  vector  S  P,  Q  L  in  a  direction  perpendicular  to  it,  and 
in  the  plane  in  which  S  P  and  a  tangent  to  P's  orbit  as  P  both  lie ; 
and  lastly,  N  Q  in  a  direction  perpendicular  to  the  plane  in  which 
P  is  at  the  instant  moving  about  S.  The  first  of  these  resolved 
portions  we  may  term  the  radial  component  of  the  disturbing  force, 
or  simply  the  radial  disturbing  force ;  the  second  the  transversal ; 
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and  the  third  the  orthogonal*  When  the  disturbed  orbit  is  one 
of  small  excentricity,  the  transversal  component  acts  nearly  in  the 
direction  of  the  tangent  to  P's  orbit  at  P,  and  is  therefore  con- 
founded with  that  resolved  component  which  we  shall  presently 
describe  (art.  618,)  under  the  name  of  the  iangerUial  force.  This 
is  the  mode  of  resolving  the  disturbing  force  followed  by  Newton 
and  his  immediate  successors. 

(616.)  The  immediate  actions  of  these  components  of  the  dis- 
turbing force  are  evidently  independent  of  each  other,  being  rect- 
angular in  their  directions;  and  they  afiect  the  •movement  of  the 
disturbed  body  in  modes  perfectly  distinct  and  characteristic. 
Thus,  the  radial  component,  being  directed  to  or  from  the  central 
body,  has  no  tendency  to  disturb  either  the  plane  of  P's  orbit,  or 
the  equable  description  of  areas  by  P  about  S,  since  the  law  of 
areas  proportional  to  the  times  is  not  a  character  of  the  force  of 
gravity  only,  but  holds  good  equally,  whatever  be  the  force  whick 
retains  a  body  in  an  orbit,  provided  only  its  direction  is  always 
towards  a  fixed  centre,  f  Inasmuch,  however,  as  its  law  of  varia- 
tion is  not  conformable  to  the'  simple  law  of  gravity,  it  alters  the 
elliptic  form  of  P's  orbit,  by  directly  affecting  both  its  curvature 
and  velocity  at  every  pomt.  In  virtue,  therefore,  of  the  action  of 
this  disturbing  force,  the  orbit  deviates  from  the  elliptic  form  by 
the  approach  or  recess  of  P  to  or  from  S,  so  that  the  effect  of  the 
perturbations  produced  by  this  part  of  the  disturbing  force  falls 
wholly  on  the  radius  vector  of  the  disturbed  orbit. 

(617.)  The  transversal  disturbing  force  represented  by  Q  L,  on 
the  other  hand,  has  no  direct  action  to  draw  P  to  or  from  S.  Its 
whole  efficiency  is  directed  to  accelerate  or  retard  P's  motion  in  a 
direction  at  right  angles  to  S  P.  Now  the  area  momentarily 
described  by  P  about  S,  is,  cateris  paribuSy  directly  as  the  velocity 
of  P  in  a  direction  perpendicular  to  S  P.  Whatever  force,  there- 
fore, increases  this  transverse  velocity  of  P,  accelerates  the  descrip- 
tion of  areas,  and  vice  versd.  With  the  area  A  S  P  is  directly 
connected,  by  the  nature  of  the  ellipse,  the  angle  ASP  described 
or  to  be  described  by  P  from  a  fixed  line  in  the  plane  of  the  orbit, 

*  This  ifl  a  tenn  coined  for  the  occadon.    The  want  of  some  appellation  fat  thia 
eomponcnt  of  the  disturbing  force  b  oflen  felt 
f  Newton,  L  1. 
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SO  that  any  change  in  the  rate  of  description  of  areas  ultimately 
resolves  itself  into  a  change  in  the  amount  of  angular  motion. about 
S,  and  gives  rise  to  a  departure  from  the  elliptic  laws.  Hence 
arise  what  are  called  in  the  perturbational  theory  equations  (t.  e* 
changes  or  fluctuations  to  and  fro  about  an  average  quantity)  of 
the  mean  motion  of  the  disturbed  body. 

(618.)  There  is  yet  another  mode  of  resolving  the  disturbing 
force  into  rectangular  components,  which,  though  not  so  well 
adapted  to  the  computation  of  results,  in  reducing  to  numerical 
calculation  the  motions  of  the  disturbed  body,  is  fitted  to  afibrd  a 
clearer  insight  into  the  nature  of  the  modifications  which  the  form, 
magnitude,  and  situation  of  its  orbit  undergo  in  virtue  of  its  action, 
and  which  we  shall  therefore  employ  in  preference.  It  consists  in 
estimating  the  components  of  the  disturbing  force,  which  lie  in 
the  plane  of  the  orbit,  not  in  the  direction  we  have  termed  radial 
and  transversal,  i.  e.  in  that  of  the  radius  vector  P  S  and  perpen- 
dicular to  it,  but  in  the  direction  of  a  tangent  to  the  orbit  at  P, 
and  in  that  of  a  normal  to  the  curve,  and  at  right  angles  to  the 
tangent,  for  which  reason  these  components  may  be  called  the 
tangential  and  normal  disturbing  forces.  When  the  orbit  of  the 
disturbed  body  is  circular,  or  nearly  so,  this  mode  of  resolution 
coincides  with  or  differs  but  little  from  the  former,  but,  when  the 
ellipticity  is  considerable,  these  directions  may  deviate  from  the 
radial  and  transversal  directions  to  any  extent.  As  in  the  New- 
tonian mode  of  resolution,  the  eflect  of  the  one  component  falls 
wholly  upon  the  approach  and  recess  of  the  body  P  to  the  central 
body  S,  and  of  the  other  wholly  on  the  rate  of  description  of  areas 
by  P  round  S,  so  in  this  which  we  are  now  considering,  the  direct 
effect  of  the  one  component  (the  normal)  falls  wholly  on  the  curva- 
ture of  the  orbit  at  the  point  of  its  action,  increasing  that  curvature 
when  the  normal  force  acts  inwards,  or  towards  the  concavity  of 
the  orbit,  and  diminishing  it  when  in  the  opposite  direction  ;  while 
on  the  other  hand,  the  tangential  component  is  directly  effective 
on  the  velocity  of  the  disturbed  body,  increasing  or  diminishing 
it  according  as  its  direction  conspires  with  or  opposes  its  motion. 
It  is  evident  enough  that  where  the  object  is  to  trace  simply  the 
changes  produced  by  the  disturbing  force,  in  angle  and  distance 
from  the  central  body,  the  former  mode  of  resolution  must  have 
the  advantage  in  perspicuity  of  view  and  applicability  to  calcula- 
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tion.  It  is  less  obvious,  but  will  abundantly  appear  in  the  sequel 
that  the  latter  offers  peculiar  advantages  in  exhibiting  to  the  eye 
and  the  reason  the  momentary  influence  of  the  disturbing  force  on 
the  elements  of  the  orbit  itself. 

(619.)  Neither  of  the  last  mentioned  pairs  of  resolved  portions 
of  the  disturbing  force  tends  to  draw  P  out  of  the  plane  of  its 
orbit  PSA.  But  the  remaining  or  orthogonal  portion  N  Q  acts 
directly  and  solely  to  produce  that  eiTect.  In  consequence,  under 
the  influence  of  this  force,  P  must  quit  that  plane,  and  ((he  same 
cause  continuing  in  action)  must  describe  a  curve  of  double  curva- 
ture as  it  is  called,  no  two  consecutive  portions  of  which  lie  in  the 
same  plane  passing  through  S.  The  efiect  of  this  is  to  produce  a 
continual  variation  in  those  elements  of  the  orbit  of  P  on  which 
the  situation  of  its  plane  in  space  depends ;  t.  e.  on  its  inclination 
to  a  fixed  plane,  and  the  position  in  such  a  plane  of  the  node  or 
line  of  its  intersection  therewith.  As  this,  among  all  the  various 
efiects  of  perturbation,  is  that  which  is  at  once  the  most  simple  in 
its  conception,  and  the  easiest  to  follow  into  its  remoter  conse- 
quences, we  shall  begin  with  its  explanation. 

(620.)  Suppose  that  up  to  P  (Art.  611,  614,)  the  body  were 
describing  an  undisturbed  orbit  C  P.  Then  at  P  it  would  be  mov- 
ing in  the  direction  of  a  tangent  P  R  to  the  ellipse  P  A,  which 
prolonged  will  intersect  the  plane  of  M's  orbit  somewhere  in  the 
line  of  nodes,  as  at  R.  Now,  at  P,  let  the  disturbing  force  parallel 
to  N  Q  act  momentarily  on  P ;  then  P  will  be  deflected  in  the 
direction  of  that  force,  and  instead  of  the  arc  P  p,  which  it  would 
have  described  in  the  next  instant  if  undisturbed,  will  describe 
the  arc  P  q  lying  in  the  state  of  things  represented  in  Art.  611, 
below,  and  in  Art.  614,  above,  P  p  with  reference  to  the  plane 
PSA.  Thus,  by  this  action  of  the  disturbing  force,  the  plane  of 
P's  orbit  will  have  shifted  its  position  in  space  from  P  S  ^  (an  ele* 
mentary  portion  of  the  old  orbit)  to  P  S  y,  one  of  the  new.  Now 
the  line  of  nodes  S  A  B  in  the  former  is  determined  by  prolonging 
P  p  into  the  tangent  P  R,  intersecting  the  plane  MSB  in  R,  and 
joining  S  R.  And  in  like  manner,  if  we  prolong  P  q  into  the  tan- 
gent P  r,  meeting  the  same  plane  in  r,  and  join  iS  r,  this  will  be 
the  new  line  of  nodes.  Thus  we  see  that,  under  the  circumstances 
expressed  in  the  former  figure,  the  momentary  action  of  the  ortho- 
gonal disturbing  force  will  have  caused  the  line  of  nodes  to  reiro^ 
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grade  upon  the  plane  of  the  orbit  of  the  disturbing  body,  and 
under  those  represented  in  the  latter  to  advance.  And  it  is  erident 
that  the  action  of  the  other  resolved  portions  of  the  disturbing 
force  will  not  in  the  least  interfere  with  this  result,  for  neither  of 
them  tends  either  to  carry  P  out  of  its  former  plane  of  motion,  o^ 
to  prevent  its  quitting  it.  Their  influence  would  merely  go  to 
transfer  the  points  of  intersection  of  the  tangents  V  p  oxV  q  from 
R  or  r  to  R'  or  r',  points  nearer  to  or  farther  from  S  than  R  r,  but 
in  the  same  lines. 

(621.)  Supposing,  now,  M  to  lie  to  the  left  instead  of  the  right 
side  of  the  line  of  nodes  in  fig.  1,  P  retaining  its  situation,  and 
M  P  being  less  than  M  S,  so  that  X  shall  still  lie  between  M  and 
S.  In  this  situation  of  things  (or  cortfiguration^  as  it  is  termed,  of 
the  three  bodies  with  respect  to  each  other),  N  will  lie  helow  the 
plane  ASP,  and  the  disturbing  force  will  tend  to  raise  the  body 
P  above  the  plane,  the  resolved  orthogonal  portion  N  Q  in  this 
case  acting  upwards.  The  disturbed  arc  P  q  will  therefore  He 
above  P  p,  and  when  prolonged  to  meet  the  plane  M  S  B,  will 
intersect  it  in  a  point  in  advance  of  R ;  so  that  in  this  coniigura* 
tion  the  node  will  advance  upon  the  plane  of  the  orbit  of  M,  pro- 
vided always  that  the  latter  orbit  remains  fixed,  or,  at  least,  does 
not  itself  shift  its  position  in  such  a  direction  as  to  defeat  this 
result. 

(622.)  Generally  speaking,  the  node  of  the  disturbed  orbit  will 
recede  upon  any  plane  which  toe  may  consider  as  fxedy  whenever 
the  action  of  the  orthogonal  disturbing  force  tends  to  bring  the 
disturbed  body  nearer  to  that  plane ;  and  vice  versd»  This  will 
be  evident  on  a  mere  inspection  of  the  annexed  figure,  in  which 
C  A  represents  a  semicircle  of  the  projection  of  the  fixed  plane 
as  seen  from  S  on  the  sphere  of  the  heavens,  and  C  P  A  that  of 

Fig.  78. 
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the  plane  of  P's  undisturbed  orbit,  the  motion  of  P  being  in  the 
direction  of  the  arrow,  from  C  the  ascending,  to  A  the  descend- 
ing node.    It  is  at  once  seen,  by  prolonging  P  g,  P  g'  into  arcs  of 
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great  circles,  P  r,  P  r'  (forwards  or  backwards,  as  the  case  maj 
be)  to  meet  C  A,  that  the  node  will  have  retrograded  through  the 
arc  A  r,  or  C  r,  whenever  P  q  lies  between  C  P  A  and  C  A,  or 
when  the  perturbing  force  carries  P  towards  the  fixed  plane,  but 
will  have  advanced  through  A  r'  or  C  r'.when  P  q*  lies  above 
C  P  A,  or  when  the  disturbing  impulse  has  lifted  P  above  its  old 
orbit  or  away  from  the  fixed  plane,  arid  this  without  any  rrference 
to  whether  the  undisturbed  orhUual  motion  of  V  at  the  moment  is 
carrying  it  towards  the  plane  C  A  or  from  it^  as  in  the  two  cases 
represented  in  the  figure. 

(623.)  Let  us  now  consider  the  mutual  disturbance  of  two 
bodies  M  and  P,  in  the  various  configurations  in  which  they  may 
be  presented  to  each  other  and  to  their  common  central  body. 
And  first,  let  us  take  the  case,  as  the  simplest,  where  the  disturbed 
orbit  is  exterior  to  that  of  the  disturbing  body  (as  in  fig.  art.  614), 
and  the  distance  between  the  orbits  greater  than  the  semiaxis  of 
the  smaller.  First,  let  both  planets  lie  on  the  same  side  of  the 
line  of  nodes.  Then  (as  in  art.  620)  the  direction  of  the  whole 
disturbing  force,  and  therefore  also  that  of  its  orthogonal  compo- 
nent, will  be  towards  the  opposite  side  of  the  plane  of  P's  orbit 
from  that  on  which  M  lies.  Its  effect  therefore  will  be,  to  draw 
P  out  of  its  plane  in  a  direction  from  the  plane  of  M's  orbit,  so 
that  in  this  state  of  things  the  node  will  advance  on  the  latter 
plane,  however  P  and  M  may  be  situated  in  these  semicircumfer- 
ences  of  their  respective  orbits.  Suppose  next,  M  transferred  to 
the  opposite  side  of  the  line  of  nodes,  then  will  the  direction  of  its 
action  on  P,  with  respect  to  the  plane  of  P's  orbit,  be  reversed, 
and  P  in  quitting  that  plane  will  now  approach  to  instead  of 
receding  from  the  plane  of  M's  orbit,  so  that  its  node  will  now 
recede  on  that  plane. 

(624.)  Thus,  while  M  and  P  revolve  about  S,  and  in  the  course 
of  many  revolutions  of  each  are  presented  to  each  other  and  to  S 
in  all  possible  configurations,  the  node  of  P's  orbit  will  always 
advance  on  A's  when  both  bodies  are  on  the  same  side  of  the  line 
of  nodes,  and  recede  when  on  the  opposite.  They  will  therefore, 
on  an  average,  advance  and  recede  during  equal  times  (supposing 
the  orbits  nearly  circular).  And,  therefore,  if  their  advance  were 
at  each  instant  of  its  duration  equally  rapid  with  their  recess  at 
each  corresponding  instant  during  that  phase  of  the  movement^ 


MOnOK  09  VHB  KODBB.  875 

they  wonld  merely  oscillate  to  and  fro  about  a  mean  position, 
i^ithout  any  permanent  motion  in  either  direction.  Bat  this  is  not 
the  case.  The  rapidity  of  their  recess  in  every  position  favourable 
to  recess  is  greater  than  that  of  their  advance  in  the  corresponding 

Fig.  79. 


opposite  position.  To  show  this,  let  us  consider  any  two  con- 
figurations in  which  M^s  phases  are  diametrically  opposite,  so  that 
the  triangles  P  S  M,  PS  M',  shall  lie  in  one  plane,  having  any 
inclination  to  P's  orbit,  according  to  the  situation  of  P.  Produce 
P  S,  and  draw  Mm,  M'm'  perpendicular  to  it,  which  will  there- 
fore be  equal.  Take  M  N  :  M  S  : :  M  S«  :  M  P*,  and  M'N' :  M'  S 
: :  M'  S' :  M'  P*  :  then,  if  the  orbits  be  nearly  circles,  and  there- 
fore MS  =  M'S,  N'M'  will  be  less  than  MN;  and  therefore 
(since  P  M'  is  greater  than  P  M)  P  N' :  P  M'  in  a  greater  ratio 
thap  P  N  :  P  M ;  and  consequently,  by  similar  triangles,  drawing 
Nw,  N'n'  perpendicular  to  PS,  N'  n' :  M'  m!  in  a  greater  ratio 
than  Nn  :  M  m,  and  therefore  N'  n*  is  greater  than  N  n.  Now  the 
plane  P M M'  intersects  P's  orbit  in  PS,  and  being  inclined  to 
that  orbit  at  the  same  angle  through  its  whole  extent,  if  from  n  and 
n'  perpendiculars  be  conceived  let  fall  on  that  orbit,  these  will  be 
to  each  other  in  the  proportion  of  N  n,  N'  v! ;  and  therefore  the 
perpendicular  from  n'  will  be  greater  than  that  from  n.  Now 
since  by  art.  611,  N'S  and  N  S  represent  in  quantity  and  direction 
the  total  disturbing  forces  of  M'  and  M  on  P  respectively,  there- 
fore these  perpendiculars  express  (art.  615,)  the  orthogonal  dis- 
turbing forces,  the  former  of  which  tends  (as  above  shown)  to 
make  the  nodes  recede,  and  the  latter  to  advance ;  and  therefore 
the  preponderance  in  every  such  pair  of  situations  of  M  is  in  favour 
of  a  retrograde  motion. 
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(625.)  Let  us  next  consider  the  case  where  the  distance  between 
the  orbits  is  less  than  the  seroiaxis  of  the  interior,  or  in  which  the 
least  distance  of  M  from  P  is  less  than  M  S.    Take  any  situation 

Fig.  80. 


of  P  with  respect  to  the  line  of  nodes  A  C.  Then  two  points  d 
and  e,  distant  by  less  than  120<^,  can  be  taken  on  the  orbit  of  M 
equidistant  from  P  with  S.  Suppose  M  to  occupy  successively 
every  possible  situation  in  its  orbit,  P  retaining  its  place  ; — ^then,  if 
it  were  not  for  the  existence  of  the  arc  d  e,  in  which  the  relations 
of  art.  624  are  reversed,  it  would  appear  by  the  reasoning  of  that 
article  that  the  motion  of  the  node  is  direct  when  M  occupies  any 
part  of  the  semiorbit  F  M  B,  and  retrograde  when  it  is  in  the 
opposite,  but  that  the  retrograde  motion  on  the  whole  would  pre- 
dominate. Much  more  then  will  it  predominate  when  there 
exists  an  arc  dM^  within  which  if  M  be  placed  its  action  will 
produce  a  retrograde  instead  of  a  direct  motion. 

(626.)  This  supposes  that  the  arc  de  lies  wholly  in  the  semi« 

circle  F  dB.    But  suppose  it  to  lie,  as  in  the  annexed  figure, 

rig,  81.  partly  within  and  partly  without 

that  circle.  The  greater  part  d  B 
necessarily  lies  within  it,  and  not 
only  so,  but  within  that  portion, 
the  point  of  M's  orbit  nearest  to 
P,  in  which,  therefore,  the  retro- 
grading force  has  its  maximum,  is 
situated.  Although,  therefore,  in  the  portion  B  6,  it  is  true,  the 
retrograde  tendency  otherwise  general  over  the  whole  otthat  semi- 
circle (art.  624,)  will  be  reversed,  yet  the  efiect  of  this  will  be 
much  more  than  counterbalanced  by  the  more  energetic  and  more 
prolonged  retrograde  action  over  d  B ;  and,  therefore,  in  this  case 
also,  on  the  average  of  every  possible  situation  of  M,  the  motion 
of  the  node  will  be  retrograde. 
(627.)  Let  us  lastly  consider  an  interior  planet  disturbed  by  an 
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exterior.  Take  M  D  and  M  E  (fig.  of  art  611,)  each  equal  to 
M)  S.  Then  first,  when  P  is  between  D  and  the  node  A,  being 
nearer  than  S  to  M,  the  disturbing  force  acts  towards  M's  orbit  on 
the  side  on  which  M  lies,  and  the  node  recedes.  It  also  recedes 
when  (M  retaining  the  same  situation)  P  is  in  any  part  of  the  arc  E  C 
from  E  to  the  other  node,  because  in  that  situation  the  direction  of 
the  disturbing  force,  it  is  true,  is  reversed,  but  that  portion  of  P's 
orbit  being  also  reversely  situated  with  respect  to  the  plane  of 
M's,  P  is  still  urged  towards  the  latter  plane,  but  on  the  side 
opposite  to  M.  Thus,  (M  holding  its  place)  whenever  P  is  any- 
where in  D  A  or  E  C,  the  node  recedes.  On  the  other  hand,  it 
advances  whenever  P  is  between  A  and  E  or  between  C  and  D, 
because,  in  these  arcs,  only  one  of  the  two  determining  elements 
(viz.  the  direction  of  the  disturbing  force  with  respect  to  the  plane 
of  P's  orbit ;  and  the  situation  of  the  one  plane  with  respect  to  the 
other  as  to  above  and  below)  has  undergone  reversal.  Now  first, 
whenever  M  is  anywhere  but  in  the  line  of  nodes,  the  sum  of  the 
arcs  D  A  and  E  C  exceeds  a  semicircle,  and  that  the  more,  the 
nearer  M  is  to  a  position  at  right  angles  to  the  line  of  nodes. 
Secondly,  the  arcs  favourable  to  the  recess  of  the  node  compre- 
hend those  situations  in  which  the  orthogonal  disturbing  force  is 
most  powerful,  and  vice  versa.  This  is  evident,  because  as  P 
approaches  D  or  E,  this  component  decreases,  and  vanishes  at 
those  points  (612).  The  movement  of  the  node  itself  also  vanishes 
when  P  comes  to  the  node,  for  although  in  this  position  the  dis- 
turbing orthogonal  force  neither  vanishes  nor  changes  its  direction, 
yet  since  at  the  instant  of  P's  passing  the  node  (A)  the  recess  of 
the  node  is  changed  into  an  advance,  it  must  necessarily  at  that 
point  be  stationary.*    Owing  to  both  these  causes,  therefore,  (that 

*  It  would  mm,  at  firat  sight,  ai  if  a  change  per  tedium  took  place  here,  bat  Xhi 

Fig.  82. 
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continuity  of  the  node's  motion  will  be  apparent  from  an  inspection  of  the  annexed 
figure,  where  ^a  (f  is  a  portion  of  P's  disturbed  path  neai  the  node  A,  concave  to- 
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the  node  recedes  during  a  longer  time  than  it  advances,  and  that 
a  more  energetic  force  acting  in  its  recess  causes  it  to  recede  more 
rapidly,)  the  retrograde  motion  will  preponderate  on  the  whole  in 
each  complete  synodic  revolution  of  P.  And  it  is  evident  that  the 
reasoning  of  this  and  the  foregoing  articles,  is  no  way  vitiated  by 
a  moderate  amount  of  excentricity  in  either  orbit. 

(628.)  It  is  therefore  a  general  proposition,  that  on  the  average 
of  each  complete  synodic  revolution,  the  node  of  every  disturbed 
planet  recedes  upon  the  orbit  of  the  disturbing  one,  or  in  other 
words,  that  in  every  pair  of  orbits,  the  node  of  each  recedes  uppn 
the  other,  and  of  course  upon  any  intermediate  plane  which  we 
may  regard  as  fiired.  On  a  plane  not  intermediate  between  them, 
however,  the  node  of  one  orbit  will  advance,  and  that  of  the  other 
will  recede.    Suppose  for  instance,  C  A  C  to  be  a  plane  interme- 
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diate  between  P  P  and  M  M  the  two  orbits.  If  p  p  and  mm  be 
the  new  positions  of  the  orbits,  the  node  of  P  on  M  will  have 
receded  from  A  to  5,  that  of  M  on  P  from  A  to  4,  that  of  P  and 
M  on  C  C  respectively  from  A  to  1  and  from  A  to  2.  But  if  F  A  F 
be  a  plane  not  intermediate,  the  "node  of  M  on  that  plane  has 
receded  from  A  to  6,  but  that  of  P  will  have  advanced  from  A  to  7. 
If  the  fixed  plane  have  not  a  common  intersection  with  those  of 
both  orbits,  it  is  equally  easy  to  see  that  the  node  of  the  disturbed 
orbit  may  either  recede  on  both  that  plane  and  the  disturbing  orbit 
or  advance  on  the  one  and  recede  on  the  other,  according  to  the 
relative  situation  of  the  planes. 

wards  the  plane  G  A.  The  momentary  place  of  the  moving  node  is  determined 
by  the  intersection  of  the  tangent  b  t  with  A  G,  which  as  h  passes  trough  a  to  d^ 
recedes  from  A  to  a,  rests  there  for  an  instant,  and  then  advances  ag^. 
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(629.)  This  is  the  case  with  the  planetaiy  orbits.  They  do  not 
aU  intersect  each  other  in  a  common  node.  Although  perfectly 
true,  therefore,  that  the  node  of  any  one  planet  would  recede  on 
the  orbit  of  any  and  each  other  by  the  individual  action  of  that 
other,  yet,  when  all  act  together,  recess  on  one  plane  may  be  eqai- 
Talent  to  advance  on  another,  so  that  the  motion  of  the  node  of 
any  one  orbit  on  a  given  plane,  arising  from  their  joint  action, 
taking  into  account  the  difierent  situations  of  all  the  planes,  be- 
comes a  curiously  complicated  phenomenon  whose  law  cannot  be 
very  easily  expressed  in  words,  though  reducible  to  strict  numeri- 
cal statement,  being,  in  frict,  a  mere  geometrical  result  of  what  is 
above  shown. 

(630.)  The  nodes  of  all  the  planetary  orbits  on  the  true  ecliptic, 
as  a  matter  of  fact,  are  retrograde,  though  they  are  not  all  so  on 
a  fixed  plane,  such  as  we  may  conceive  to  exist  in  the  planetary 
system,  and  to  be  a  plane  of  reference  unaflected  by  their  mutual 
disturbances.  It  is,  however,  to  the  ecliptic,  that  we  are  under 
the  necessity  of  referring  their  movements  from  our  station  in  the 
system ;  and  if  we  would  transfer  our  ideas  to  a  fixed  plane,  it 
becomes  necessary  to  take  account  of  the  variation  of  the  ecliptic 
itself,  produced  by  the  joint  action  of  all  the  planets. 
'  (631.)  Owing  to  the  smallness  of  the  masses  of  the  planets,  and 
their  great  distances  from  each  other,  the  revolutions  of  their  nodes 
are  excessively  dow,  being  in  every  case  less  than  a  single  degree 
per  century,  and  in  most  cases  not  amounting  to  half  that  quan- 
tity. It  is  otherwise  with  the  moon,  and  that  owing  to  two  distinct 
reasons.  First,  that  the  disturbing  force  itself  arising  from  the 
tun's  action,  (as  appears  from  the  table  given  in  art.  612,)  bears 
a  much  larger  proportion  to  the  earth's  central  attraction  on  the 
moon  than  in  the  case  of  any  planet  disturbed  by  any  other.  And 
secondly,  because  the  synodic  revolution  of  the  moon,  within 
which  the  average  is  struck,  (and  always  on  the  side  of  recess)  is 
only  29^  days,  a  period  much  shorter  than  that  of  any  of  the 
planets,  and  vastly  so  than  that  of  several  among  them.  All  this 
is  agreeable  to  what  has  already  been  stated  (art.  407,  408,)  re- 
specting the  motion  of  the  moon's  nodes,  and  it  is  hardly  neces- 
sary to  mention  that,  when  calculated,  as  it  has  been,  d  priori  from 
an  exact  estimation  of  all  the  acting  forces,  the  result  is  found  to 
coincide  with  perfect  precision  with  that  immediately  derived  from 


380  OUTLIKBS  OF  ASTBONOMY. 

observation,  so  that  not  a  doubt  can  subsist  as  to  this  being  the 
real  process  by  which  so  remarkable  an  effect  is  produced. 

(632.)  So  far  as  the  physical  condition  of  each  planet  is  con- 
cerned, it  is  evident  that  the  position  of  their  nodes  can  be  of  little 
importance.  It  is  otherwise  with  the  mutual  inclinations  of  their 
orbits  with  respect  to  each  other,  and  to  the  equator  of  each.  A 
variation  in  the  position  of  the  ecliptic^  for  instance,  by  which  its 
pole  should  shift  its  distance  from  the  pole  of  the  equator,  would 
disturb  our  seasons.  Should  the  plane  of  the  earth's  orbit,  for 
instance,  ever  be  so  changed  as  to  bring  the  ecliptic  to  coincide 
with  the  equator,  we  should  have  perpetual  spring  over  all  the 
world  ;  and,  on  the  other  hand,  should  it  coincide  with  a  meridian, 
the  extremes  of  summer  and  winter  would  become  intolerable. 
The  inquiry,  then,  of  the  variations  of  inclination  of  the  planetary 
orbits  inter  se,  is  one  of  much  higher  practical  interest  than  those 
of  their  nodes. 

(633.)  Referring  to  the  figures  of  art.  610,  et  seq.j  it  is  evident 
that  the  plane  S  P  9,  in  which  the  disturbed  body  moves  during  an 
instant  of  time  from  its  quitting  P,  is  differently  inclined  to  the  orbit 
of  M,  or  to  a  fixed  plane,  from  the  original  or  undisturbed  plane 
P  S  p.  The  difference  of  absolute  position  of  these  two  planes  in 
space  is  the  angle  made  between  the  planes  P  S  R  and  P  Sr,  and  is 
therefore  calculable  by  spherical  trigonometry,  when  the  angle  R  Sr 
or  the  momentary  recess  of  the  node  is  known,  and  also  the  inclina- 
tion of  the  planes  of  the  orbits  to  each  other.  We  perceive  then,  that 
between  (he  momentary  change  of  inclination,  and  the  momentary 
recess  of  the  node  there  exists  an  intimate  relation,  and  that  the 
research  of  the  one  is  in  fact  bouiid  up  in  that  of  the  other.  This 
may  be,  perhaps,  made  clearer,  by  considering  the  orbit  of  P  to 
be  not  merely  an  imaginary  line,  but  an  actual  circle  or  elliptic 
hoop  of  some  rigid  material,  without  inertia,  on  which,  as  on  a 
wire,  the  body  P  may  slide  as  a  bead.  It  is  evident  that  the  posi- 
tion of  this  hoop  will  be  determined  at  any  instant,  by  its  inclina- 
tion to  the  ground  plane  to  which  it  is  referred,  and  by  the  place 
of  its  intersection  therewith,  or  node.  It  will  also  be  determined 
by  the  momentary  direction  of  P's  motion,  which  (having  no 
inertia)  it  must  obey;  and  any  change  by  which  P  should,  in  the 
next  instant,  alter  its  orbit,  would  be  equivalent  to  a  shifting,  bodily, 
of  the  whole  hoop,  changing  at  once  its  inclination  and  nodes. 
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(634.)  One  immediate  conclusion  from  what  has  been  pointed 
out  abovci  is  that  where  the  orbits,  as  in  the  case  of  the  planetary 
system  and  the  moon,  are  slightly  inclined  to  one  another,  the 
momentary  variations  of  the  inclination  are  of  an  order  much  in- 
ferior in  magnitude  to  those  in  the  place  of  the  node.  This  is 
evident  on  a  mere  inspection  of  our  figure,  the  angle  R  P  r  being, 
by  reason  of  the  small  inclination  of  the  planes  S  P  R  and  R  S  r, 
necessarily  much  smaller  than  the  angle  R  S  r.  In  proportion  as 
the  planes  of  the  orbits  are  brought  to  coincidence,  a  very  trifling 
angular  movement  of  P  p  about  P  S  as  an  axis  will  make  a  great 
variation  in  the  situation  of  the  point  r,  where  its  prolongation 
intersects  the  ground  plane. 

(635.)  Referring  to  the  figure  of  art.  622,  we  perceive  that 
although  the  motion  of  the  node  is  retrograde  whenever  the  mo- 
mentary disturbed  arc  P  Q  lies  between  the  planes  C  A  and  C  G  A 
of  the  two  orbits,  and  vice  versd^  indifferently  whether  P  be  in  the 
act  of  receding  from  the  plane  C  A,  as  in  the  quadrant  C  G,  or  of 
approaching  to  it,  as  in  G  A,  yet  the  same  identity  as  to  the 
character  of  the  change  does  not  subsist  in  respect  of  the  inclina- 
tion. The  inclination  of  the  disturbed  orbit  (t.  e,  of  its  momen- 
tary element)  Pq  orPg',  is  measured  by  the  spherical  angle  PrH 
or  Pr'H.  Now  in  the  quadrant  CG,  PrH  is  less,  and  Pr'H 
greater  than  P  C  H ;  but  in  G  A,  the  converse.  Hence  this  rule  : 
— 1st,  If  the  disturbing  force  urge  P  towards  the  plane  of  M's 
orbit,  and  the  undisturbed  motion  of  P  carry  it  also  towards  that 
plane;  and  2dly,  if  the  disturbing  force  urge  P  from  that  plane, 
while  P's  undisturbed  motion  also  carries  it  from  it,  in  either  case 
the  inclination  momentarily  increases ;  but  if,  3dly,  the  disturbing 
force  act  to,  and  P*s  motion  carry  it  from — or  if  the  force  act  from, 
and  the  motion  carry  it  to,  that  plane,  the  inclination  momentarily 
diminishes.  Or  (including  all  the  cases  under  one  alternative)  if 
the  action  of  the  disturbing  force  and  the  undisturbed  motion  of  P 
with  reference  to  the  plane  of  M's  orbit  be  of  the  same  character, 
the  inclination  increases;  if  of  contrary  characters,  it  diminishes. 

(636.)  To  pass  from  the  momentary  changes  which  take  place 
in  the  relations  of  nature  to  the  accumulated  effects  produced  in 
considerable  lapses  of  time  by  the  continued  action  of  the  same 
causes,  under  circumstances  varied  by  these  very  effects,  is  the 
business  of  the  integral  calculus.    Without  going  into  any  calcula- 
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tions,  however,  it  will  be  easy  for  us  to  demonstrate  from,  the 
principles  above  laid  down,  the  leading  features  of  this  part  of  the 
planetary  theory,  viz.  the  periodic  nature  of  the  change  of  the  in- 
clinations of  two  orbits  to  each  other,  the  re-establisment  of  their 
original  values,  and  the  consequent  oscillation  of  each  plane  about 
a  certain  mean  position.  As  in  explaining  the  motion  of  the  nodes, 
we  will  commence,  as  the  simplest  case,  with  that  of  an  exterior 
planet  disturbed  by  an  interior  one  at  less  than  half  its  distance 
from  the  central  body.  Let  A  C  A'  be  the  great  circle  of  the 
heavens  into  which  M's  orbit  seen  from  S  is  projected,  extended 
into  a  straight  line,  and  Ag  C h  A'  the  corresponding  projectioD 
of  the  orbit  of  P  so  seen.  Let  M  occupy  some  fixed  situation, 
suppose  in  the  semicircle  A  C,  and  let  P  describe  a  complete  revolu- 
tion from  A  through  g  C  hto  A'.  Then  while  it  is  between  A 
and  g  or  in  its  first  quadrant,  its  motion  is  /ram  the  plane  of  M's 
orbit,  and  at  the  same  time  the  orthogonal  force  acts  Jrom  that 
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plane :  the  inclination,  therefore,  (art.  635,)  increases.  In  the 
second  quadrant  the  motion  of  P  is  tOy  but  the  force  continues  to 
act  from,  the  plane,  and  the  inclination  again  decreases.  A  similar 
alternatiou  takes  place  in  its  course  through  the  quadrants  C  h  and 
h  A.  Thus  the  plane  of  P's  orbit  oscillates  to  and  fro  about  its 
mean  position  twice  in  each  revolution  of  P.  During  this  process 
if  M  held  a  fixed  position  at  G,  the  forces  being  symmetrically 
alike  on  either  side,  the  extent  of  these  oscillations  would  be  ex* 
actly  equal,  and  the  inclination  at  the  end  of  one  revolution  of  P 
would  revert  precisely  to  its  original  value.  But  if  M  be  else- 
where, this  will  not  be  the  case,  and  in  a  single  revolution  of  P, 
only  a  partial  compensation  will  be  operated,  and  an  overplus  on  the 
side,  suppose  of  diminution,  will  remain  outstanding.  But  when 
M  comes  to  M',  a  point  equidistant  from  G  on  the  other  side,  this 
eflect  will  be  precisely  reversed  (supposing  the  orbits  circular). 
On  the  average  of  both  situations,  therefore,  the  efiect  will  be  the 
same  as  if  M  were  divided  into  two  equal  portions,  one  placed  at 
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M  ftod  the  other  at  M',  which  will  anaihilate  the  preponderaoce  in 
question  and  effect  a  perfect  restoration.  And  on  an  average  of 
all  possible  situations  of  M,  the  effect  will  in  like  manner  be  the  same 
as  if  its  mass  were  distributed  over  the  whole  circumference  of.  its 
orbit,  forming  a  ring,  each  portion  of  which  will  exactly  destroy 
the  effect  of  that  similarly  situated  on  the  opposite  side  of  the  line 
of  nodes. 

(637.)  The  reasoning  is  precisely  simil&r  for  the  more  compli- 
cated cases  of  arts.  (625)  and  (627).  Suppose  that  owing  either 
to  the  proximity  of  the  two  orbits,  (in  the  case  of  an  exterior  dis- 
turbed planet)  or  to  the  disturbed  orbit  being  interior  to  the  dis* 
turbing  one,  there  were  a  larger  or  less  portion,  d  e,  of  P's  orbit 
in  which  these  relations  were  reversed.  Let  M  be  the  position  of 
M'  corresponding  to  de,  then  taking  GM'ssGM,  there  will  be  a 
similar  portion  d*  e*  bearing  precisely  the  same  reversed  relation  to 
M',  and  therefore,  the  actions  of  M'  M,  will  equally  neutralize 
each  other  in  this  as  in  the  former  state  of  things. 

(638.)  To  operate  a  complete  and  rigorous  compensation,  how- 
ever, it  is  necessary  that  M  should  be  presented  to  Pin  every  possi- 
ble configuration,  not  only  with  respect  to  P  itself,  but  to  the  line 
of  nodes,  to  the  position  of  which  Ime  the  whole  reasoning  bears 
reference.  In  the  case  of  the  moon  for  example,  the  disturbed 
body  (the  moon)  revolves  in  27*^*322,  the  disturbing  (the  sun)  in 
365^*256,  and  the  line  of  nodes  in  6793^*391,  numbers  in  propor- 
tion to  each  other  about  as  1  to  13  and  249  respectively.  Now 
in  1 3  revolutions  of  P,  and  one  of  M,  if  the  node  remained  fixed, 
P  would  have  been  presented  to  M  so  nearly  in  every  configura- 
tion as  to  operate  an  almost  exact  compensation.  But  in  1  revo- 
lution of  M,  or  13  of  P,  the  node  itself  has  shifted  ^V^  or  about  ^^ 
of  a  revolution,  in  a  direction  opposite  to  the  revolutions  of  M  and 
P,  so  that  although  P  has  been  brought  back  to  the  same  con- 
figuration with  respect  to  M,  both  are  y^  of  a  revolution  in  advance 
of  the  same  configuration  as  respects  the  node.  The  compensa- 
tion, therefore,  will  not  be  exact,  and  to  make  it  so,  this  process 
must  be  gone  through  19  times,  at  the  end  of  which  both  the 
bodies  will  be  restored  to  the  same  relative  position,  not  only  with 
respect  to  each  other,  but  to  the  node.  The  fractional  parts  of 
entire  revolutions,  which  in  this  explanation  have  been  neglected, 
are  evidently  no  farther  influential  than  as  rendering  the  compen- 
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sation  thas  operated  in  a  revolution  of  the  node  slightly  inexact, 
and  thus  giving  rise  to  a  compound  period  of  greater  duration,  at 
the  end  of  which  a  compensation  almost  mathematically  rigorous, 
will  have  been  effected. 

(639.)  It  is  clear  then,  that  if  the  orbits  be  circles,  the  lapse  of 
a  very  moderate  number  of  revolutions  of  the  bodies  will  very 
nearly,  and  that  of  a  revolution  of  the  node  almost  exactly,  bring 
about  a  perfect  restoration  of  the  inclinations.  If,  however,  we 
suppose  the  orbits  excentric,  it  is  no  less  evident,  owing  to  the 
want  of  symmetry  in  the  distribution  of  the  forces,  that  a  perfect 
compensation  will  not  be  effected  either  in  one  or  in  any  number 
of  revolutions  of  P  and  M,  independent  of  the  motion  of  the  node 
itself,  as  there  will  always  be  some  configuration  more  favourable 
to  either  an  increase  of  inclination  than  its  opposite  is  unfavourable. 
Thus  will  arise  a  change  of  inclination  which,  were  the  nodes  and 
apsides  of  the  orbits  fixed,  would  be  always  progressive  in  one 
direction  until  the  planes  were  brought  to  coincidence.  But,  1st, 
half  a  revolution  of  the  nodes  would  of  itself  reverse  the  direction 
of  this  progression  by  making  the  position  in  question  favour  the 
opposite  movement  of  inclination ;  and,2dly,  the  planetary  apsides 
are  themselves  in  motion  with  unequal  velocities,  and  thus  the  con- 
figuration whose  influence  destroys  the  balance,  is,  itself,  always 
shifting  its  place  on  the  orbits.  The  variations  of  inclination 
dependent  on  the  excentricities  are  therefore,  like  those  independ- 
ent of  them,  periodical,  and  being,  moreover,  of  an  order  more 
minute  (by  reason  of  the  smallness  of  the  excentricities)  than  the 
latter,  it  is  evident  that  the  total  variation  of  the  planetary  inclina- 
tions must  fluctuate  within  very  narrow  limits.  Geometers  have 
accordingly  demonstrated  by  an  accurate  analysis  of  all  the  circum- 
stances, and  an  exact  estimation  of  the  acting  forces,  that  such  is 
the  case ;  and  this  is  what  is  meant  by  asserting  the  stability  of  the 
planetary  system  as  to  the  mutual  inclinations  of  its  orbits.  By 
the  researches  of  Legrange  (of  whose  analytical  conduct  it  is  im- 
possible here  to  give  any  idea),  the  following  elegant  theorem  has 
been  demonstrated : — 

«  ythe  mass  of  every  planet  be  multiplied  by  the  square  root  of 
the  major  axis  of  its  orbit,  and  the  product  by  the  square  of  the 
tangent  of  its  inclination  to  afxedplane^  the  sum  of  all  these  pro* 
ducts  will  be  constantly  the  same  under  the  influence  of  their  mutual 


STABILITY  OF  THE  PLANBTARY  INCLINATIONS.  385 

aitraction.^^  If  the  present  situation  of  the  plane  of  the  ecliptic  be 
taken  for  that  fixed  plane  (the  ecliptic  itself  being  variable  like  the 
other  orbits),  it  is  found  that  this  sum  is  actually  very  small ;  it 
must,  therefore,  always  remain  so.  This  remarkable  theorem 
alone,  then,  would  guarantee  the  stability  of  the  orbits  of  the 
greater  planets ;  but  from  what  has  above  been  shown  of  the  ten- 
dency of  each  planet  to  work  put  a  compensation  on  every  other, 
it  is  evident  that  the  minor  ones  are  not  excluded  from  this  bene- 
ficial arrangement. 

(640.)  Meanwhile,  there  is  no  doubt  that  the  plane  of  the 
ecliptic  does  actually  vary  by  the  actions  of  the  planets.  The 
amount  of  this  variation  is  about  48"  per  century,  and  has  long 
been  recognized  by  astronomers,  by  an  increase  of  the  latitudes  of 
all  the  stars  in  certain  situations,  and  their  diminution  in  the  oppo- 
site regions.  Its  effect  is  to  bring  the  ecliptic  by  so  much  per 
annum  nearer  to  coincidence  with  the  equator ;  but  from  what  we 
have  above  seen,  this  diminution  of  the  obliquity  of  the  ecliptic 
will  not  go  on  beyond  certain  very  moderate  limits,  after  which 
(although  in  an  immense  period  of  ages,  being  a  compound  cycle 
resulting  from  the  joint  action  of  all  the  planets,)  it  will  again  in- 
crease, and  thus  oscillate  backward  and  forward  about  a  mean 
position,  the  extent  of  its  deviation  to  one  side  and  the  other  being 
less  than  ^21'. 

(641.)  One  effect  of  this  variation  of  the  plane  of  the  ecliptic, — 
that  which  causes  its  nodes  on  a  fixed  plane  to  change, — is  mixed 
up  with  the  precession  of  the  equinoxes,  and  undistinguishable 
from  it,  except  in  theory.  This  last- mentioned  phenomenon  is, 
however,  due  to  another  cause,  analogous,  it  is  true,  in  a  general 
point  of  view,  to  those  above  considered,  but  singularly  modified 
by  the  circumstances  under  which  it  is  produced.  We  shall 
endeavour  to  render  these  modifications  intelligible,  as  far  as  they 
can  be  made  so  without  the  intervention  of  analytical  formulae. 

(642.)  The  precession  of  the  equinoxes,  as  we  have  shown  in 
art.  312,  consists  in  a  continual  retrogradation  of  the  node  of  the 
earth's  equator  on  the  ecliptic;  and  is,  therefore,  obviously  an 
effect  so  far  analogous  to  the  general  phenomenon  of  the  retrogra- 
dation of  the  nodes  of  the  orbits  on  each  other.  The  immense 
distance  of  the  planets,  however,  compared  with  the  size  of  the 
earth,  and  the  smallness  of  their  masses  compared  to  that  of  the 
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suD,  puts  their  action  out  of  the  question  in  the  inquiry  of  its  cause, 
and  we  must)  therefore,  look  to  the  massive  though  distant  sun, 
and  to*our  near  though  minute  neighbour,  the  moon,  for  its  expla- 
nation. This  will,  accordingly,  be  found  in  their  disturbing  action 
on  the  redundant  matter  accumulated  on  the  equator  of  the  earth, 
by  which  its  figure  is  rendered  spheroidal,  combined  with  the 
earth's  rotation  on  its  axis.  It  is  to  the  sagacity  of  Newton  that 
we  owe  the  discovery  of  this  singular  mode  of  action. 

(643.)  Suppose  in  our  figure  (art.  611)  that  instead  of  one  body, 
P,  revolving  round  S,  there  were  a  succession  of  particles  not 
coherent,  but  forming  a  kind  of  fluid  ring,  free  to  change  its  form 
by  any  force  applied.  Then,  while  this  ring  revolved  round  S 
in  its  own  plane,  under  the  disturbing  influence  of  the  distant  body 
M,  (which  now  represents  the  moon  or  the  sun,  as  P  does  one  of 
the  particles  of  the  earth's  equator,)  two  things  would  happen : 
1st,  its  figure  would  be  bent  out  of  a  plane  into  an  undulated 
form,  those  parts  of  it  within  the  arcs  D  A  and  E  C  being  rendered 
more  inclined  to  the  plane  of  M's  orbit,  and  those  within  the  arcs 
A  E,  C  D,  less  so  than  they  would  otherwise  be ;  2dly,  the  nodes 
of  this  ring,  regarded  as  a  whole,  without  respect  to  its  change  of 
figure,  would  retreat  upon  that  plane. 

(644.)  But  suppose  this  ring,  instead  of  consisting  of  discrete 
molecules  firee  to  move  independently,  to  be  rigid  and  incapable 
of  such  flexure,  like  the  hoop  we  have  supposed  in  art.  633,  but 
having  inertia,  then  it  is  evident  that  the  eflbrt  of  those  parts  of 
it  which  tend  to  become  more  inclined  will  act  through  the  medium 
of  the  ring  itself  (as  a  mechanical  engine  or  lever)  to  counteract 
the  effort  of  those  which  have  at  the  same  instant  a  contrary  ten- 
dency. In  so  far  only,  then,  as  there  exists  an  excess  on  the  one 
or  the  other  side  will  the  inclination  change,  an  average  being 
struck  at  every  moment  of  the  ring's  motion  ;  just  as  was  shown 
to  happen  in  the  view  we  have  tak^n  of  the  inclinations^  in  every 
complete  revolution  of  a  single  disturbed  body,  under  the  influ- 
ence of  a  fixed  disturbing  one. 

(645.)  Meanwhile,  however,  the  nodes  of  the  rigid  ring  will 
retrograde,  the  general  or  average  tendency  of  the  nodes  of  every 
molecule  being  to  do  so.  Here,  as  in  the  other  case,  a  struggle 
will  take  place  by  the  counteracting  efforts  of  the  molecules  con- 
trarily  disposed,  propagated  through  the  solid  substance  of  the 
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ring ;  and  tbus  at  every  instant  of  time,  an  average  will  be  struck, 
which  being  identical  in  its  nature  with  that  effected  in  the  complete 
revolution  of  a  single  disturbed  body,  will,  in  every  case,  be  in 
favour  of  a  recess  of  the  node,  save  only  when  the  disturbing  body, 
be  it  sun  or  moon,  is  situated  in  the  plane  of  the  earth's  equator. 

(646.)  This  reasoning  is  evidently  independent  of  any  con- 
sideration of  the  cause  which  maintains  the  rotation  of  the  ring ; 
whether  the  particles  be  small  satellites  retained  in  circular  orbits 
under  the  equilibrated  action  of  attractive  dnd  centrifugal  forces, 
or  whether  they  be  small  masses  conceived  as  attached  to  a  set  of 
imaginary  spokes,  as  of  a  wheel,  centering  in  S,  and  free  only  to 
^ift  their  planes  by  a  motion  of  those  spokes  perpendicular  to  the 
plane  of  the  wheel.  This  makes  no  difference  in  the  general 
effect ;  though  the  different  velocities  of  rotation,  which  may  be 
impressed  on  such  a  system,  may  and  will  have  a  very  great  influ- 
ence both  on  the  absolute  and  relative  magnitudes  of  the  two 
effects  in  question — the  motion  of  the  nodes  and  change  of  incli- 
nation. This  will  be  easily  understood,  if  we  suppose  the  ring 
without  a  rotatory  motion,  in  which  extreme  case  it  is  obvious 
that  80  long  as  M  remained  fixed  there  would  take  place  no  recess 
of  nodes  at  all,  but  only  a  tendency  of  the  ring  to  tilt  its  plane 
round  a  diameter  perpendicular  to  the  position  of  M,  bringing  it 
towards  the  line  S  M. 

(647.)  The  motion  of  such  a  ring,  then,  as  we  have  been  con- 
sidering, would  imitate,  so  far  as  the  recess  of  the  nodes  goes,  the 
precession  of  the  equinoxes,  only  that  its  nodes  would  retrograde 
far  more  rapidly  than  the  observed  precession,  which  is  excessively 
slow.  But  now  conceive  this  ring  to  be  loaded  with  a  spherical 
mass  enormously  heavier  than  itself,  placed  concentrically  within 
it,  and  cohering  firmly  to  it,  but  indifferent,  or  very  nearly  so,  to 
any  such  cause  of  motion ;  and  suppose,  moreover,  that  instead  of 
one  such  ring  there  are  a  v^st  multitude  heaped  together  around 
the  equator  of  such  a  globe,  so  as  to  form  an  elliptical  protuber- 
ance, enveloping  it  like  a  shell  on  all  sides,  but  whose  mass,  taken 
together,  should  form  but  a  very  minute  fraction  of  the  whole 
spheroid.  We  have  now  before  us  a  tolerable  representation  of 
the  case  of  nature  f  and  it  is  evident  that  the  rings,  having  to  drag 

*  That  a  perfect  sphere  would  he  lo  inert  and  indiflerent  at  to  a  leToIution  of 
the  nodes  of  its  equator  under  the  influence  of  a  distant  attracting  bodj  appears  from 


388 


OUTLINES  OF  ASTBOKOMY. 


round  with  them  in  their  nodal  revolution  this  great  inert  mass, 
will  have  their  velocity  of  retrogradation  proportionally  diminished. 
Thus,  then,  it  is  easy  to  conceive  how  a  motion  similar  to  the  pre- 
cession of  the  equinoxes,  and,  like  it,  characterized  by  extreme 
slowness,  will  arise  from  the  causes  in  action. 

(648.)  Now  a  recess  of  the  node  of  the  earth's  equator,  upon 
a  given  plane,  corresponds  to  a  conical  motion  of  its  axis  round 
a  perpendicular  to  that  plane.  But  in  the  case  before  us,  that 
plane  is  not  the  ecliptic,  but  the  moon's  orbit  for  the  time  being ; 
and  it  may  be  asked  how  we  are  to  reconcile  this  with  what  is 
stated  in  art.  317,  respecting  the  nature  of  the  motion  in  question. 
To  this  we  reply,  that  the  nodes  of  the  lunar  orbit,  being  in  a 
state  of  continual  and  rapid  retrogradation,  while  its  inclination 
is  preserved  nearly  invariable,  the  point  in  the  sphere  of  the  hea- 
vens round  which  the  pole  of  the  earth's  equator  revolves  (with  that 
extreme  slowness  characteristic  of  the  precession)  is  itself  in  a  state 

of  continual  circulation  round  the  pole  of 
the  ecliptic,  with  that  much  more  rapid  mo- 
tion which  belongs  to  the  lunar  node.  A 
glance  at  the  annexed  figure  will  explain  this 
better  than  words.  P  is  the  pole  of  the  eclip- 
tic, A  the  pole  of  the  moon's  orbit,  moving 
round  the  small  circle  A  B  C  D  in  19  years; 
a  the  pole  of  the  earth's  equator,  which  at 
each  moment  of  its  progress  has  a  direction 
.  perpendicular  to  the  varying  position  of  the 
line  A  a,  and  a  velocity  depending  on  the 
varying  intensity  of  the  acting  causes  during 
the  period  of  the  nodes.  This  velocity  however  being  extremely 
small,  when  A  comes  to  B,  C,  D,  E,  the  line  A  a  will  have  taken 
up  the  positions  B  6,  C  c,  D  cf,  £  e,  and  the  earth's  pole  a  will 
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this, — Uiat  the  direction  of  the  resaltant  attraction  of  such  a  body,  or  of  that  single 
force  which,  opposed,  would  neutralize  and  destroy  its  whole  action,  is  necessarily 
in  a  line  passing  through  the  centre  of  the  sphere,  and,  therefore,  can  have  no 
tendency  to  turn  the  sphere  one  way  or  other.  It  may  be  objected  by  the  reader, 
that  the  whole  sphere  may  be  conceived  as  consisting  of  rings  parallel  to  its  equa- 
tor, of  every  possible  diameter,  and  that,  therefore,  its  nodes  should  retrograde  even 
without  a  protuberant  equator.  The  inference  is  incorrect,  but  our  limits  wiU  not 
allow  us  to  go  into  an  exposition  of  the  &llacy.  We  should,  however,  caution  him, 
generally,  that  no  dynanucal  subject  is  open  to  more  mistakes  of  this  kindi  which 
nothing  but  the  closeet  attention,  in  eveiy  Taried  point  of  view»  will  delect 
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thus,  in  one  tropical  revolution  of  the  node,  have  arrived  at  e, 
having  described  not  an  exactly  circular  arc  a  e,  but  a  single  un* 
dulation  of  a  wave-shape  or  epicycloidal  curve,  abcde,  with  a 
velocity  alternately  greater  and  less  than  its  mean  motion,  and  this 
will  be  repeated  in  every  succeeding  revolution  of  the  node. 

(649.)  Now  this  is  precisely  the  kind  of  motion  which,  as  we 
have  seen  in  art.  325,  the  pole  of  the  earth's  equator  really  has 
round  the  pole  of  the  ecliptic,  in  consequence  of  the  joint  effects 
of  precession  and  nutation,  which  are  thus  aranographically  re- 
presented. If  we  superadd  to  the  effect  of  lunar  precession  that 
of  the  solar,  which  alone  would  cause  the  pole  to  describe  a  circle 
uniformly  about  P,  this  will  only  affect  the  undulations  of  our 
waved  curve,  by  extending  them  in  length,  but  will  produce  no 
effect  on  the  depth  of  the  waves,  or  the  excursions  of  the  earth's 
axis  to  and  from  the  pole  of  the  ecliptic.  Thus  we  see  that  the 
two  phenomena  of  nutation  and  precession  are  intimately  con- 
nected, or  rather  both  of  them  essential  constituent  parts  of  one 
and  the  same  phenomenon.  It  is  hardly  necessary  to  state  that  a 
rigorous  analysis  of  this  great  problem,  by  an  exact  estimation  of 
all  the  acting  forces  and  summation  of  their  dynamical  effects, 
leads  to  the  precise  value  of  the  co-efficients  of  precession  and 
nutation,  which  observation  assigns  to  them.  The  solar  and  lunar 
portions  of  the  precession  of  the  equinoxes,  that  is  to  say,  those 
portions  which  a(Ve  uniform,  are  to  each  other  in  the  proportion  of 
about  2  to  5. 

(650.)  In  the  nutation  of  the  earth's  axis  we  have  an  example 
(the  first  of  its  kind  which  has  occurred  to  us),  of  a  periodical 
movement  in  one  part  of  the  system,  giving  rise  to  a  motion  hav- 
ing the  same  precise  period  in  another.  The  motion  of  the  moon's 
nodes  is  here,  we  see,  represented,  though  under  a  very  different 
form,  yet  in  the  same  exact  periodic  time,  by  a  movement  of  a 
peculiar  oscillatory  kind  impressed  on  the  solid  mass  of  the  earth. 
We  must  not  let  the  opportunity  pass  of  generalizing  the  principle 
involved  in  this  result,  as  it  is  one  which  we  shall  find  again  and 
again  exemplified  in  every  part  of  physical  astronomy,  nay,  in 
every  departnient  of  natural  science.  It  may  be  stated  as  «<the 
principle  of  forced  oscillations,  or  of  forced  vibrations,"  and  thus 
generally  announced : — 
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If  one  part  of  any  system  connected  either  by  material  ties,  or 
by  the  mutual  attractions  of  its  membersy  be  continually  maintained 
by  any  cause,  whether  inherent  in  the  constitution  of  the  system  or 
external  to  it^  in  a  state  of  regular  periodic  motion,  that  motion 
will  be  propagated  throughout  the  whole  systems  and  wUl  give  rise, 
in  every  member  of  it,  and  in  every  part  of  each  member,  to  pm- 
odic  movements  executed  in  equal  period,  with  thai  to -which  they 
owe  their  origin,  though  not  necessarily  synchronous  unth  them  in 
their  maxima  and  minima* 

The  system  may  be  favourably  or  unfavourably  constituted  for 
such  a  transfer  of  periodic  movements,  or  favourably  in  some  of 
its  parts  and  unfavourably  in  others ;  and  accordingly  as  it  is  the 
one  or  the  other,  the  derivative  oscillation  (as  it  niay  be  termed) 
will  be  imperceptible  in  one  case,  of  appreciable  magnitude  in 
another,  and  even  more  perceptible  in  its  visible  efiects  than  the 
original  cause  in  a  third ;  of  this  last  kind  we  have  an  instance  in 
the  moon's  acceleration,  to  be  hereafter  noticed. 

(651.)  It  so  happens  that  our  situation  on  the  earth,  and  the 
delicacy  which  our  observations  have  attained,  enable  us  to  make 
it  as  it  were  an  instrument  to  feel  these  forced  vibrations, — ^these 
derivative  motions,  communicated  from  various  quarters,  especially 
froip  our  near  neighbour,  the  moon,  much  in  the  same  way  as  we 
detect,  by  the  trembling  of  a  board  beneath  us,  the  secret  transfer 
of  motion  by  which  the  sound  of  an  organ  pipe  isdispersed  through 
the  air,  and  carried  down  into  the  earth.  Accordingly,  the  monthly 
revolution  of  the  moon,  and  the  annual  motion  of  the  sun,  pro- 
duce, each  of  them,  small  nutations  in  the  earth's  axis,  whose 
periods  are  respectively  half  a  month  and  half  a  year,  each  of 
which,  in  this  view  of  the  subject,  is  to  be  regarded  as  one  por- 
tion of  a  period  consisting  of  two  equal  and  similar  parts.  But 
the  most  remarkable  instance,  by  far,  of  this  propagation  of  periods, 
and  one  of  high  importance  to  mankind,  is  that  of  the  tides,  which 
are  forced  oscillations,  excited  by  the  rotation  of  the  earth  in  an 
ocean  disturbed  from  its  figure  by  the  varying  attractions  of  the 

*  See  a  demonstration  of  this  theorem  for  the  forced  vibrations  c^  systems  cod- 
nected  by  material  ties  of  imperfect  elasticity,  in  my  treatise  on  Sound,  Encyc 
Metrop.  art  323.  The  demonstration  is  easily  extended  and  generalized  to  take 
in  other  systems. 
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sun  and  moon,  each  revolving  in  its  own  orbit,  and  propagating 
its  own  period  into  the  joint  phenomenon.  The  explanation  of 
the  tides,  however,  belongs  more  properly  to  that  part  of  the 
general  subject  of  perturbations  which  treats  of  the  action  of  the 
radial  component  of  the  disturbing  force,  and  is  therefore  post- 
poned to  a  subsequent  chapter. 
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GENERAL   RESULTS. — LAGRANGE^S  THEOREM    OF  THE   STABILITY 


(652.)  In  the  foregoing  chapter  we  have  sufficiently  explained 
the  action  of  the  orthogonal  component  of  the  disturbing  force, 
and  traced  it  to  its  results  in  a  continual  displacement  of  the  plane 
%f  the  disturbed  orbit,  in  virtue  of  which  the  nodes  of  that  plane 
alternately  advance  and  recede  upon  the  plane  of  the  disturbing 
body's  orbit,  with  a  general  preponderance  on  the  side  of  advance, 
so  as  after  the  lapse  of  a  long  period  to  cause  the  nodes  to  make  a 
complete  revolution  and  come  round  to  their  former  situation. 
At  the  same  time  the  inclination  of  the  plane  of  the  disturbed 
motion  continually  changes,  alternately  increasing  and  diminish- 
ing ;  the  increase  and  diminution  however  compensating  each 
other,  nearly  in  single  revolutions  of  the  disturbed  and  disturbing 
bodies,  more  exactly  in  many,  and  with  perfect  accuracy  in  long 
periods,  such  as  those  of  a  complete  revolution  of  the  nodes  and 
apsides.    In  the  present  and  following  chapters  we  shall  endea- 
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TOUT  to  trace  the  effects  of  the  other  components  of  the  disturbing 
force, — those  which  act  in  the  plane  (for  the  time  being)  of  the 
disturbed  orbit,  and  which  tend  to  derange  the  elliptic  form  of  the 
orbit,  and  the  laws  of  elliptic  motion  in  that  plane.  The  small 
inclination,  generally  speaking,  of  the  orbits  of  the  planets  and 
satellites  to  each  ot&er,  permits  us  to  separate  these  effects  in  theory 
one  from  the  other,  and  thereby  greatly  to  simplify  their  considera- 
tion. Accordingly,  in  what  follows,  we  shall  throughout  neglect 
the  mutual  inclination  of  the  orbits  of  the  disturbed  and  disturbing 
bodies,  and  regard  all  the  forces  as  acting  and  all  the  motions  as 
performed  in  one  plane. 

(663.)  In  considering  the  changes  induced  by  the  mutual  ac- 
tion of  two  bodies  in  different  aspects  with  respect  to  each  other 
on  the  magnitudes  and  forms  of  their  orbits  and  in  their  positions 
therein,  it  will  be  proper  in  the  first  instance  to  explain  the  con- 
ventions under  which  geometers  and  astronomers  have  alike  agreed 
to  use  the  language  and  laws  of  the  elliptic  system,  and  to  continue  to 
apply  them  to  disturbed  orbits,  although  those  orbits  so  disturbed 
are  no  longer,  in  mathematical  strictness,  ellipses,  or  any  known 
curves.  This  they  do,  partly  on  account  of  the  convenience  of 
conception  and  calculation  which  attaches  to  this  system,  but  much 
more  forlhis  reason, — that  it  is  found,  and  may  be  demonstrated 
from  the  dynamical  relations  of  the  case,  that  the  departure  of  each 
planet  from  its  ellipse,,  as  determined  at  any  epoch,  is  capable  of 
being  truly  represented,  by  supposing  the  ellipse  itself  to  be  slowly 
variable,  to  change  its  magnitude  and  excentricity,  and  to  shift  its 
position  and  the  plane  in  which  it  lies  according  to  certain  laws, 
while  the  planet  all  the  time  continues  to  move  in  this  ellipse,  just 
as  it  would  do  if  the  ellipse  remained  invariable  and  the  disturbing 
forces  had  no  existence.  By  this  way  of  considering  the  subject, 
the  whole  effect  of  the  disturbing  forces  is  regarded  as  thrown 
upon  the  orbit,  while  the  relations  of  the  planet  to  that  orbit  remain 
unchanged.  This  course  of  procedure,  indeed,  is  the  most  natural, 
and  is  in  some  sort  forced  upon  us  by  the  extreme  slowness  with 
which  the  variations  of  the  elements,  at  least  where  the  planets 
only  are  concerned,  develope  themselves.  For  instance,  the  frac- 
tion expressing  the  excentricity  of  the  earth's  orbit  changes  no 
more  than  0-00004  in  its  amount  in  a  century;  and  the  place  of  its 
perihelion,  as  referred  to  the  sphere  of  the  heavens,  by  only  19'  39^' 
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in  the  same  time.  For  several  years,  therefore,  it  would  be  next 
to  impossible  to  distinguish  between  an  ellipse  so  varied  and  one 
that  had  not  varied  at  all  ;  and  in  a  single  revolution,  the  differ* 
ence  between  the  original  ellipse  and  the  curve  really  represented 
by  the  varying  one,  is  so  excessively  minute,  that,  if  accurately 
drawn  on  a  table,  six  feet  in  diameter,  the  nicest  examination  with 
microscopes,  continued  along  the  whole  outlines  of  the  two  curves^ 
would  hardly  detect  any  perceptible  interval  between  them.  Not 
to  call  a  motion  so  minutely  conforming  itself  to  an  elliptic  curve, 
elliptic  J  would  be  affectation,  even  granting  the  existence  of  trivial 
departures  alternately  on  one  side  or  on  the  other  ;  though,  on  the 
other  hand,  to  neglect  a  variation,  which  continues  to  accumulate 
from  age  to  age,  till  it  forces  itself  on  our  notice,  would  be  wilful 
blindness. 

(654.)  Geometers,  then,  have  agreed  in  each  single  revolution, 
or  for  any  moderate  interval  of  time,  to  regard  the  motion  of  each 
planet  as  elliptic,  and  performed  according  to  Kepler's  laws,  with 
a  reserve  in  favour  of  those  very  small  and  transient  fluctuations 
which  take  place  within  that  time,  but  at  the  same  time  to  regard 
all  the  elements  of  each  ellipse  as  in  a  continual,  though  extremely 
slow,  state  of  change;  and,  in  tracing  the  effects  of  perturbation 
on  the  system,  they  take  account  principally,  or  entirely,  of  this 
change  of  the  elements,  as  that  upon  which  any  material  change 
in  the  great  features  of  the  system  will  ultimately  depend. 

(655.)  And  here  we  encounter  the  distinction  between  what  are 
termed  secular  variations,  and  such  as  are  rapidly  periodic,  and 
are  compensated  in  short  intervals.  In  our  exposition  of  the 
variation  of  the  inclination  of  a  dbturbed  orbit  (art.  636),  for  in- 
stance, we  showed  that,  in  each  single  revolution  of  the  disturbed 
body,  the  plane  of  its  motion  underwent  fluctuations  to  and  fro  in 
its  inclination  to  that  of  the  disturbing  body,  which  nearly  com- 
pensated each  other ;  leaving,  however,  a  portion  outstanding, 
which  again  is  nearly  compensated  by  the  revolution  of  the  dis- 
turbing body,  yet  still  leaving  outstanding  and  uncompensated  a 
minute  portion  of  the  change  which  requires  a  whole  revolution  of 
the  node  to  compensate  and  bring  it  back  to  an  average  or  mean 
value.  Now,  the  two  first  compensations  which  are  operated  by 
the  planets  going  through  the  succession  of  configurations  with 
each  other,  and  therefore  in  comparatively  short  periods,  are 
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called  periodic  Tariations ;  and  the  deviations  thus  compensated 
are  called  inequalities  depending  on  configurations  ;  while  the  last, 
which  is  operated  by  a  period  of  the  node  (one  of  the  elements), 
has  nothing  to  do  with  the  configurations  of  the  individual  planets, 
requires  a  very  long  period  of  time  for  its  consummation,  and  is, 
therefore,  distinguished  from  the  former  by  the  term  secular  varia- 
tion. 

(656.)  It  is  true,  that,  to  afford  an  exact  representation  of  the 
motions  of  a  disturbed  body,  whether  planet  or  satellite,  both 
periodical  and  secular  variations,  with  their  corresponding  in- 
equalities, require  to  be  expressed  ;  and,  indeed,  the  former  even 
more  than  the  latter ;  seeing  that  the  secular  inequalities  are,  in 
fact,  nothing  but  what  remains  after  the  mutual  destruction  of  a 
much  larger  amount  (as  it  very  often  is)  of  periodical.  But  these 
are  in  their  nature  transient  and  temporary:  they  disappear  in 
short  periods,  and  leave  no  trace.  The  planet  is  temporarily 
drawn  from  its  orbit  (its  slowly  varying  orbit),  but  forthwith 
returns  to  it,  to  deviate  presently  as  much  the  other  way,  while 
the  varied  orbit  accommodates  and  adjusts  itself  to  the  average  of 
these  excursions  on  either  side  of  it ;  and  thus  continues  to  pre- 
sent, for  a  succession  of  indefinite  ages,  a  kind  of  medium  picture 
of  all  that  the  planet  has  been  doing  in  their  lapse,  in  which  the 
expression  and  character  is  preserved ;  but  the  individual  features 
are  merged  and  lost  These  periodic  inequalities,  however,  are, 
as  we  have  observed,  by  no  means  neglected,  but  it  is  more  con- 
venient to  take  account  of  them  by  a  separate  process,  independent 
of  the  secular  variations  of  the  elements. 

(657.)  In  order  to  avoid  complication,  while  endeavouring  to 
give  the  reader  an  insight  into  both  kinds  of  variations,  we  shall 
henceforward  conceive  all  the  orbits  to  lie  in  one  plane,  and  con- 
fine our  attention  to  the  case  of  two  only,  that  »of  the  disturbed  and 
disturbing  body,  a  view  of  the  subject  which  (as  we  have  seen) 
comprehends  the  case  of  the  moon  disturbed  by  the  sun,  since  any 
one  of  the  bodies  may  be  regarded  as  fixed  at  pleasure,  provided  we 
conceive  all  its  motions  transferred  in  a  contrary  direction  to  each 
of  the  others.  Let  therefore  APB  be  the  undisturbed  elliptic 
orbit  of  a  planet  P ;  M  a  disturbing  body,  join  M  P,  and  supposing 
MK«MStake  MN  :  MK  ::  MK^  :  MP*.  Then  if  SN  be 
joined,  N  S  will  represent  the  disturbing  force  of  M  or  P,  on  the 
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same  scale  that  S  M  represents  M's  attraction  on  S.  Suppose 
Z  P  y  a  tangent  at  P,  S  Y  perpendicular  to  it,  and  N  T,  N  L  per- 
pendicular respectively  to  S  Y  and  P  S  produced.     Then  will  N  T 

Fig.  86. 


represent  the  tangential,  T  S  the  normal,  N  L  the  transversal,  and 
L  S  the  radial  components  of  the  disturbing  force.  In  circular 
orbits  or  orbits  only  slightly  elliptic,  the  directions  P  S  L  and  S  Y 
are  nearly  coincident,  and  the  former  pair  of  forces  will  differ  but 
slightly  from  the  latter.  We  shall  here,  however,  take  the  general 
case,  and  proceed  to  investigate  in  an  elliptic  orbit  of  any  degree 
of  excentricity  the  momentary  changes  produced  by  the  action  of 
the  disturbing  force  in  those  elements  on  which  the  magnitude, 
situation,  and  form  of  the  orbit  depends  {L  e,  the  length  and  posi- 
tion of  the  major  axis  and  the  excentricity),  in  the  same  way  as  in 
the  last  chapter  we  determined  the  momentary  changes  of  the  in- 
clination and  node  similarly  produced  by  the  orthogonal  force. 

(658.)  We  shall  begin  with  the  momentary  variation  in  the 
length  of  the  axis,  an  element  of  the  first  importance,  as  on  it  de- 
pends (art.  487)  the  periodic  time  and  mean  angular  motion  of  the 
planet,  as  well  as  the  average  supply  of  light  and  heat  it  receives 
in  a  given  time  from  the  sun,  any  permanent  or  constantly  pro- 
gressive change  in  which  would  alter  most  materially  the  condi- 
tions of  existence  of  living  beings  on  its  surface.  Now  it  is  a  pro- 
perty of  elliptic  motion  performed  under  the  influence  of  gravity, 
and  in  conformity  with  Kepler's  laws,  that  if  the  velocity  with 
which  a  planet  moves  at  any  point  of  its  orbit  be  given,  and  also 
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the  distance  of  that  point  from  the  sun,  the  major  axis  of  the  orbit 
is  thereby  also  given.  It  is  no  matter  in  what  direction  the  planet 
may  be  moving  at  that  moment.  This  will  influence  the  excen- 
tricity  and  the  position  of  its  ellipse,  but  not  its  length.  This 
property  of  elliptic  motion  has  been  demonstrated  by  Newton,  and 
is  one  of  the  most  obvious  and  elementary  conclusions  from  his 
theory.  Let  us  now  consider  a  planet  describing  an  indefinitely 
small  arc  of  its  orbit  about  the  sun,  under  the  joint  influence  of  its 
attraction,  and  the  disturbing  power  of  another  planet.  This  arc 
will  have  some  certain  curvature  and  direction,  and,  therefore, 
may  be  considered  as  an  arc  of  a  certain  ellipse  described  about 
the  sun  as  a  focus,  for  this  plain  reason, — that  whatever  be  the 
curvature  and  direction  of  the  arc  in  question,  an  ellipse  may  al- 
ways be  assigned,  whose  focus  shall  be  in  the  sun,  and  which 
shall  coincide  with  it  throughout  the  whole  interval  (supposed  in- 
definitely  small)  between  its  extreme  points.  This  is  a  matter  of 
pure  geometry.  It  does  not  follow,  however,  that  the  ellipse  thus 
instantaneously  determined  will  hare  the  same  elements  as  that 
similarly  determined  from  the  arc  described  in  either  the  previous 
or  the  subsequent  instant.  If  the  disturbing  force  did  not  exist, 
this  would  be  the  case ;  but,  by  its  action,  variation  of  the  element 
from  instant  to  instant  is  produced,  and  the  ellipse  so  determined 
is  in  a  continual  state  of  change.  Now  when  the  planet  has* 
reached  the  end  of  the  small  arc  under  consideration,  the  question 
whether  it  will  in  the  next  instant  describe  an  arc  of  an  ellipse 
having  the  same  or  a  varied  axis  will  depend,  not  on  the  new 
direction  impressed  upon  it  by  the  acting  forces, — for  the  axis,  as 
we  have  seen,  is  independent  of  that  direction, — ^not  on  its  change 
of  distance  from  the  sun,  while  describing  the  former  arc,— for 
the  elements  of  that  arc  are  accommodated  to  it,  so  that  one  and 
the  same  axis  must  belong  to  its  beginning  and  its  end.  The 
question,  in  short,  whether  in  the  next  arc  it  shall  take  up  a  new 
major  axis  or  go  on  with  the  old  one  will  depend  solely  on  this^ 
whether  its  velocity  has  or  has  not  undergone  a  change  by  the 
action  of  the  disturbing  force.  For  the  central  force  residing  in 
the  focus  can  impress  on  it  no  such  change  of  velocity  as  to  be 
incompatible  with  the  permanence  of  its  ellipse,  seeing  that  it  is 
by  the  action  of  that  force  that  the  velocity  is  maintained  in  that 


398  OUTLimBft  OF  astrokomt. 

due  proportion  to  the  distance  which  elliptic  motion,  as  such, 
requires. 

(659.)  Thus  we  see  that  the  momentary  variation  of  the  major 
axis  depends  on  nothing  but  the  momentary  deviation  from  the 
law  of  elliptic  velocity  produced  by  the  disturbing  force,  without 
the  least  regard  to  the  direction  in  which  that  extraneous  velocity 
is  impressed,  or  the  distance  from  the  sun  at  which  the  planet  may 
be  situated,  at  the  moment  of  its  impression.  Nay,  we  may  even 
go  farther,  for,  as  this  holds  good  at  every  instant  of  its  motion,  it 
will  follow,  that  after  the  lapse  of  any  time,  however  great,  the  total 
amount  of  change  which  the  axis  may  have  undergone  will  be 
determined  only  by  the  total  deviation  produced  by  the  action  of 
the  disturbing  force  in  the  velocity  of  the  disturbed  body  from  that 
which  it  would  have  had  in  its  undisturbed  ellipse,  at  the  same 
distance  from  the  centre,  and  that  therefore  the  total  amount  of 
change  produced  in  the  axis  in  any  lapse  of  time  may  be  estimated, 
if  we  know  at  every  instant  the  efScacy  of  the  disturbing  force  to 
alter  the  velocity  of  the  body's  motion,  and  that  without  any  regard 
to  the  alterations  which  the  action  of  that  force  may  have  produced 
in  the  other  elements  of  the  motion  in  the  same  time. 

(660.)  Now  it  is  not  the  whole  disturbing  force  which  is  effective 
in  changing  P's  velocity,  but  only  its  tangential  component.  The 
^normal  component  tends  merely  to  alter  the  curvature  of  the  orbit 
or  to  deflect  it  into  conformity  with  a  circle  of  curvature  of  greater 
or  lesser  radius,  as  the  case  may  be,  and  in  no  way  to  alter  the 
velocity.  Hence  it  appears  that  the  variation  of  the  length  of  the 
axis  is  due  entirely  to  the  tangential  force^  and  is  quite  independent 
on  the  normal.  Now  it  is  easily  shown  that  as  the  velocity  in- 
creases, the  axis  increases  (the  distance  remaining  unaltered*) 
though  not  in  the  same  exact  proportion.  Hence  it  follows  that 
if  the  tangential  disturbing  force  conspires  with  the  motion  of  P, 
its  momentary  action  increases  the  axis  of  the  disturbed  orbit, 
whatever  be  the  situation  of  P  in  its  orbit,  and  vice  versd, 

(661.)  Let  A  S  B  (fig.  art.  657,;  be  the  major  axis  of  the  ellipse 
A  P  B,  and  on  the  opposite  side  of  A  B  take  two  points  P'  and  M', 

*  If  a  be  the  aemiazis^  r  the  radius  vector,  and  v  the  Telocity  of  P  in  any  point 

2      1 
of  an  ellipfle,  a  va  given  by  the  relation  v^— ,  the  units  of  velocity  and  force 

being  properly  assumed. 
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similarly  situated  with  respect  to  the  axis  with  P  and  M  on  their 
side.  Then  if  at  P'  and  M'  bodies  equal  to  P  and  M  be  placed, 
the  forces  exerted  by  M'  on  P'  and  S  will  be  equal  to  those  ex- 
erted by  M  on  P  and  S,  and  therefore  the  tangential  disturbing 
force  of  M'  on  P'  exerted  in  the  direction  P'  Z'  (suppose)  will 
equal  that  exerted  by  M  on  P  in  the  direction  P  Z.  P'  therefore 
(supposing  it  to  revolve  in  the  same  direction  round  S  as  P)  will 
be  retarded  (or  accelerated,  as  the  case  may  be)  by  precisely  the 
same  force  by  which  P  is  accelerated  (or  retarded),  so  that  the 
variation  in  the  axis  of  the  respective  orbits  of  P  and  P'  will  be 
equal  in  amount,  but  contrary  in  character.  Suppose  now  M^s 
orbit  to  be  circular.  Then  {if  the  periodic  times  of  M  and  P  be 
not  commensurate^  so  that  a  moderate  number  of  revolutions  may 
bring  them  back  to  the  same  precise  relative  positions)  it  will  neces- 
sarily happen,  that  in  the  course  of  a  very  great  number  of  revolu- 
tions of  both  bodies,  P  will  have  been  presented  to  M  on  one  side 
of  the  axis,  at  some  one  moment,  in  the  same  manner  as  at  some 
other  moment  on  the  other.  Whatever  variation  may  have  been 
effected  in  its  axis  in  the  one  situation  will  have  been  reversed  in 
that  symmetrically  opposite,  and  the  ultimate  result,  on  a  general 
average  of  an  infinite  number  of  revolutions,  will  be  a  complete  and 
exact  compensation  of  the  variations  in  one  direction  by  those  in 
the  direction  opposite. 

(662.)  Suppose,  next,  P's  orbit  to  be  circular.  If  now  M's 
orbit  were  so  also,  it  is  evident  that  in  one  complete  synodic  revo*^ 
lution,  an  exact  restoration  of  the  axis  to  its  original  length  would 
take  place,  because  the  tangential  forces  would  be  symmetrically 
equal  and  opposite  during  each  alternate  quarter  revolution.  But 
let  M,  during  a  synodic  revolution,  have  receded  somewhat  from 
S,  then  will  its  disturbing  power  have  become  gradually  weaker, 
so  that,  in  a  synodic  revolution  the  tangential  force  in  each  quad- 
rant, though  reversed  in  direction  being  inferior  in  power,  an  exact 
compensation  will  not  have  been  effected,  but  there  will  be  left  an 
outstanding  uncompensated  portion,  the  excess  of  the  stronger 
over  the  feebler  effects.  But  now  suppose  M  to  approach  by  the 
same  gradations  as  it  before  receded.  It  is  clear  that  this  result 
will  be  reversed ;  since  the  uncompensated  stronger  actions  will 
all  lie  in  the  opposite  direction.  Now  -suppose  M's  orbit  to  be 
elliptic.    Then  during  its  recess  from  S  or  in  the  half  revolution 
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from  its  perihelion  to  its  aphelion,  a  continual  uncompensated 
variation  will  go  on  accumulating  in  one  direction.  But  from  what 
has  been  said,  it  is  clear  that  this  will  be  destroyed,  during  M's 
approach  to  S  in  the  other  half  of  its  orbit,  so  that  here  again,  on 
the  average  of  a  multitude  of  revolutions  during  which  P  has  been 
presented  to  M  in  every  situation  for  every  distance  of  M  Jrom  S, 
the  restoration  will  be  effected. 

(663.)  If  neither  P's  nor  M's  orbit  be  circular,  and  if  moreover 
the  directions  of  their  axes  be  dififerent,  this  reasoning,  drawn 
from  the  symmetry  of  their  relations  to  each  other,  does  not  apply, 
and  it  becomes  necessary  to  take  a  more  general  view  of  the  mat- 
ter. Among  the  fundamental  relations  of  dynamics,  relations 
which  presuppose  no  particular  law  of  force  like  that  of  gravitation, 
but  which  express  in  general  terms  the  results  of  the  action  of 
force  on  matter  during  iimcy  to  produce  or  change  velocityy  is  one 
usually  cited  as  the  '<  Principle  of  the  conservation  of  the  vis 
viva,^^  which  applies  directly  to  the  case  before  us.  This  principle 
(or  rather  this  theorem)  declares  that  if  s^  body  subjected  at  every 
instant  of  its  motion  to  the  action  of  forces  directed  to  fixed  cen- 
tres (no  matter  how  numerous),  and  having  their  intensity  depen- 
dent only  on  the  distances  from  their  respective  centres  of  action, 
travel  from  one  point  of  space  to  another,  the  velocity  which  it 
has  on  its  arrival  at  the  latter  point  will  difier  from  that  which  it 
had  on  setting  out  from  the  former,  by  a  quantity  depending  only 
on  the  different  relative  situations  of  these  two  points  in  space, 
without  the  least  reference  to  the  form  of  the  curve  in  which  it  may 
have  moved  in  passing  from  one  point  to  the  other,  whether  that 
curve  have  been  described  freely  under  the  simple  influence  of  the 
central  forces,  or  the  body  have  been  compelled  to  glide  upon  it, 
as  a  bead  upon  a  smooth  wire.  Among  the  forces  thus  acting  may 
be  included  any  constant  forces,  acting  in  parallel  directions,  which 
may  be  regarded  as  directed  to  fixed  centres  infinitely  distant.  It 
follows  from  this  theorem,  that,  if  the  body  return  to  the  point  P 
from  which  it  set  out,  its  velocity  of  arrival  will  be  the  same  with 
that  of  its  departure ;  a  conclusion  which  (for  the  purpose  we 
have  in  view)  sets  us  free  from  the  necessity  of  entering  into  any 
consideration  of  the  laws  of  the  disturbing  force,  the  change  which 
its  action  may  have  induced  in  the  form  of  the  orbit  of  P,  or  the 
successive  steps  by  which  velocity  generated  at  one  point  of  its 
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intermediate  path  is  destroyed  at  another,  by  the  reversed  action 
of  the  tangential  force.  Now  to  apply  this  theorem  to  the  case  in 
question,  let  M  be  supposed  to  retain  a  fixed  position  during  one 
whole  revolution  of  P.  P  then  is  acted  on,  during  that  revolu- 
tion, by  three  forces:  1st,  by  the  central  attraction  of  S  directed 
always  to  S ;  2nd,  by  that  to  M,  always  directed  to  M ;  3rd,  by  a 
force  equal  to  M's  attraction  on  S ;  but  in  the  direction  M  S,  which 
therefore  is  a  constant  force,  acting  always  in  parallel  directions. 
On  completing  its  revolution,  then,  P's  velocity,  and  therefore  the 
major  axis  of  its  orbit,  will  be  found  unaltered,  at  least  neglecting 
that  excessively  minute  difference  which  will  result  from  the  non- 
arrival  after  a  revolution  at  the  exact  point  of  its  departure  by 
reason  of  the  perturbations  in  the  orbit  produced  in  the  interim  by 
the  disturbing  force,  which  for  the  present  we  may  neglect. 

(664.)  Now  suppose  M  to  revolve,  and  it  will  appear,  by  a  rea- 
soning precisely  similar  to  that  of  art.  662,  that  whatever  uncom- 
pen^ted  variation  of  the  velocity  arises  in  successive  revolutions 
of  P  during  M's  recess  from  S  will  be  destroyed  by  contrary 
uncompensated  variations  arising  during  its  approach.  Or,  more 
simply  and  generally  thus :  whatever  M's  situation  may  be,  for 
every  place  which  P  can  have,  there  must  exist  some  other  place 
of  P  (as  P'),  in  which  the  action  of  M  shall  be  precisely  reversed. 
Now  jf  the  periods  be  incommensurable^  in  an  indefinite  number  of 
revolutions  of  both  bodies,  for  every  possible  combination  of  situa- 
tions (M,  P)  there  will  occur,  at  some  time  or  other^  the  combina- 
tion (M,  P')  which  neutralizes  the  effect  of  the  other,  when  carried 
to  the  general  account ;  so  that  ultimately,  and  when  very  long 
periods  of  time  are  embraced,  a  complete  compensation  will  be 
found  to  be  worked  out. 

(665.)  This  supposes,  however,  that  in  such  long  periods  the 
orbit  of  M  is  not  so  altered  as  to  render  the  occurrence  of.  the 
compensating  situation  (M,  P')  impossible.  This  would  be  the 
case  if  M's  orbit  were  to  dilate  or  contract  indefinitely  by  a  varia- 
tion in  Us  axis.  But  the  same  reasoning  which  applies  to  P, 
applies  also  to  M.  P  retaining  a  fixed  situation,  M's  velocity, 
and  therefore  the  axis  of  its  orbit,  would  be  exactly  restored  at  the 
end  of  a  revolution  of  M  ;  so  that  for  every  position  P  M  there 
exists  a  compensating  position  P  M'.     Thus  M's  orbit  is  raain- 

26 
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tained  of  the  same  magnitude,  and  the  possibility  of  the  occurrence 
of  the  compensating  situation  (M  P')  is  secured. 

(666.)  To  demonstrate  as  a  rigorous  mathematical  truth  the 
complete  and  absolute  ultimate  compensation  of  the  variations  in 
question,  it  would  be  requisite  to  show  that  the  minute  outstanding 
changes  due  to  the  non-arrivals  of  P  and  M  at  the  same  exact 
points  at  the  end  of  each  revolution,  cannot  accumulate  in  the 
course  of  infinite  ages  in  one  direction.  Now  it  will  appear  in 
the  subsequent  part  of  this  chapter,  that  the  effect  of  perturbation 
on  the  excentricities  and  apsides  of  the  orbits  is  to  cause  the 
former  to  undergo  only  periodical  variations,  and  the  latter  to 
revolve  and  take  up  in  succession  every  possible  situation.  Hence 
in  the  course  of  infinite  ages,  the  points  of  arrival  of  P  and  M  at 
fixed  lines  of  direction,  S  P,  S  M,  in  successive  revolutions, 
though  at  one  time  they  will  approach  S,  at  another  will  recede 
from  it,  fluctuating  to  and  fro  about  mean  points  from  which  they 
never  greatly  depart.  And  if  the  arrival  of  either  of  them  at  P, 
at  a  point  nearer  S,  at  the  end  of  a  complete  revolution,  cause  an 
excess  of  velocity,  its  arrival  at  a  more  distant  point  will  cause  a 
deficiency,  and  thus,  as  the  fluctuations  of  distance  to  and  fro 
ultimately  balance  each  other,  so  will  also  the  excesses  and  defects 
of  velocity,  though  in  periods  of  enormous  length,  being  no  less 
than  that  of  a  complete  revolution  of  P's  apsides  for  the  one  cause 
of  inequality,  and  of  a  complete  restoration  of  its  excentricity  for 
the  other. 

(667.)  The  dynamical  proposition  on  which  this  .reasoning  is 
based  is  general,  and  applies  equally  well  to  cases  wherein  the 
forces  act  in  one  plane,  or  are  directed  to  centres  anywhere  situ* 
ated  in  space.  Hence,  if  we  take  into  consideration  the  inclina- 
tion of  P's  orbit  to  that  of  M,  the  same  reasoning  will  apply. 
Only  that  in  this  case,  upon  a  complete  revolution  of  P,  the  varia- 
tion of  inclination  and  the  motion  of  the  nodes  of  P's  orbit  will 
prevent  its  returning  to  a  point  in  the  exact  plane  of  its  original 
orbit,  as  that  of  the  excentricity  and  perihelion  prevent  its  arrival 
at  the  same  exact  distance  from  S.  But  since  it  has  been  shown 
that  the  inclination  fluctuates  round  a  mean  state  from  which  it 
never  departs  much,  and  since  the  node  revolves  and  makes  a 
complete  circuit,  it  is  obvious  that  in  a  complete  period  of  the 
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latter  the  points  of  arrival  of  P  at  the  same  longitude  will  deviate 
as  often  and  by  the  same  quantities  above  as  below  its  original 
point  of  departure  from  exact  coincidence ;  and,  therefore,  that 
on  the  average  of  an  infinite  number  of  revolutions,  the  effect  of 
this  cause  of  non-compensation  will  also  be  destroyed. 

(668.)  It  is  evident,  also,  that  the  dynamical  proposition  in  ques- 
tion being  general,  and  applying  equally  to  any  number  of  fixed 
centres,  as  well  as  to  any  distribution  of  them  in  space,  the  con- 
clusion would  be  precisely  the  same  whatever  the  number  of  dis- 
turbing bodies,  only  that  the  periods  of  compensation  would 
become  more  intricately  involved.  We  are,  therefore,  conducted 
to  this  most  remarkable  and  important  conclusion,  viz.  that  the 
major  axes  of  the  planetary  (and  lunar)  orbits,  and,  consequently, 
also  their  mean  motions  and  periodic  times,  are  subject  to  none 
but  periodical  changes ;  that  the  length  of  the  year,  for  example, 
in  the  lapse  of  infinite  ages,  has  no  preponderating  tendency  either 
to  increase  or  diminution, — that  the  planets  will  neither  recede 
indefinitely  from  the  sun,  nor  fall  into  it,  but  continue,  as  far  as 
their  mutual  perturbations  at  least  are  concerned,  to  revolve  for 
ever  in  orbits  of  very  nearly  the  same  dimensions  as  at  present. 

(669.)  This  theorem  (the  Magna  Charta  of  our  system),  the 
discovery  of  which  is  due  to  Lagrange,  is  justly  regarded  as  the 
most  important,  as  a  single  result,  of  any  which  have  hitherto 
rewarded  the  researches  of  mathematicians  in  this  application  of 
their  science  ;  and  it  is  especially  worthy  of  remark,  and  follows 
evidently  from  the  view  here  taken  of  it,  that  it  would  not  be  true 
but  for  the  influence  of  the  perturbing  forces  on  other  elements  of 
the  orbit,  viz.  the  perihelion  and  excentricity,  and  the  inclination 
and  nodes;  since  we  have  seen  that  the  revolution  of  the  apsides 
and  nodes,  and  the  periodical  increase  and  diminution  of  the 
excentricities  and  inclinations,  are  both  essential  towards  operating 
that  final  and  complete  compensation  which  gives  it  a  character  of 
mathematical  exactness.  We  have  here  an  instance  of  a  pertur- 
bation of  one  kind  operating  on  a  perturbation  of  another  to  anni- 
hilate an  effect  which  would  otherwise  accumulate  to  the  destruc- 
tion of  the  system.  It  must,  however,  be  borne  in  mind,  that  it  is 
the  smallness  of  the  excentricities  of  the  more  influential  planets, 
which  gives  this  theorem  its  practical  importance,  and  distinguishes 
it  from  a  mere  bairen  speculative  result.     Within  the  limits  of 
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ultimate  restoration,  it  is  this  alone  which  keeps  the  periodical 
fluctuations  of  the  axis  to  and  firo  about  a  mean  value  within 
moderate  and  reasonable  limits.  Although  the  earth  might  not 
fall  into  the  sun,  or  recede  from  it  beyond  the  present  limits  of 
our  system,  any  considerable  increase  or  diminution  of  its  mean 
distance,  to  the  extent,  for  instance,  of  a  tenth  of  its  actual  amount, 
would  not  fail  to  subvert  the  conditions  on  which  the  existence  of 
the  present  race  of  animated  beings  depends.  Constituted  as  our 
system  is,  however,  changes  to  anything  like  this  extent  are  utterly 
precluded.  The  greatest  departure  from  the  mean  value  of  the 
axis  of  any  planetary  orbit  yet  recognized  by  theory  or  observation 
(that  of  the  orbit  of  Saturn  disturbed  by  Jupiter),  does  not  amount 
to  a  thousandth  part  of  its  length.*  The  eflects  of  these  fluctua- 
tions, however,  are  very  sensible,  and  manifest  themselves  in 
alternate  accelerations  and  retardations  in  the  angular  motions  of 
the  disturbed  about  the  central  body,  which  cause  it  alternately  to 
outrun  and  to  lag  behind  its  elUptic  place  in  its  orbit,  giving  rise 
to  what  are  called  equations  in  its  motion,  some  of  the  chief 
instances  of  which  will  be  hereafter  specified  when  we  come  to 
trace  more  particularly  in  detail  the  effects  of  the  tangential  force 
in  various  configurations  of  the  disturbed  and  disturbing  bodies, 
and  to  explain  the  consequences  of  a  near  approach  to  commensu- 
rability  in  their  periodic  times.  An  exact  commensurability  in 
this  respect,  such,  for  instance,  as  would  bring  both  planets  round 
to  the  same  configuration  in  two  or  three  revolutions  of  one  of 
them,  would  appear  at  first  sight  to  destroy  one  of  the  essential 
elements  of  our  demonstration.  But  even  supposing  such  an 
exact  adjustment  to  subsist  at  any  epoch,  it  could  not  remain  per- 
manent, since  by  a  remarkable  property  of  perturbations  of  this 
class,  which  geometers  have  demonstrated,  but  the  reasons  of 
which  we  cannot  stop  to  explain,  any  change  produced  on  the 
axis  of  the  disturbed  planet's  orbit  is  necessarily  accompanied  by 
a  change  m  the  contrary  direction  in  that  of  the  disturbing,  so  that 
the  periods  would  recede  from  commensurability  by  the  mere 
efiect  of  their  mutual  action.  Cases  are  not  wanting  in  the 
planetary  system  of  a  certain  approach  to  commensurability,  and 

*  Greater  deviations  will  probably  be  found  to  exist  in  the  orbits  of  the  aiiiaU 
extra-tropical  planets.  But  these  are  too  insignificant  membeis  of  our  system  to 
need  ^eeial  notioe  in  a  work  of  this  nature. 
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in  one  very  remarkable  case  (that  of  Uranus  and  Neptune)  of  a 
considerably  near  one,  not  near  enough,  however,  in  the  smallest 
degree  to  affect  the  validity  of  the  argument,  but  only  to  give  rise 
to  inequalities  of  very  long  periods,  of  which  more  presently.* 

(670.)  The  variation  of  the  length  of  the  axis  of  the  disturbed 
orbit  is  due  solely  to  the  action  of  the  tangential  disturbing  force. 
It  is  otherwise  with  that  of  its  excentricity  and  of  the  position  of 
its  axis,  or,  which  is  the  same  thing,  the  longitude  of  its  perihelion. 
Both  the  normal  and  tangential  Components  of  the  disturbing  force 
affect  these  elements.  We  shall,  however,  consider  separately  the 
influence  of  each,  and,  commencing,  as  the  simplest  case,  with 
that  of  the  tangential  force ; — let  P  be  the  place  of  the  disturbed 
planet  in  its  elliptic  orbit  A  P  B,  whose  axis  at  the  moment  is 

rig.  87. 


A  S  B  and  focus  S.  Suppose  Y  P  Z  to  be  a  tangent  to  this  orbit 
at  P.  Then,  if  we  suppose  A  BaB2  a,  the  other  focus  of  the  ellipse, 
H,  will  be  found  by  making  the  angle  Z  P  H«Y  P  S  or  Y  P  H 
«180°— Y  P  Z,  or  S  P  H=180^— 2  Y  P  S,  and  taking  P  H= 
2  a— S  P.  This  is  evident  from  the  nature  of  the  ellipse,  in  which 
lines  drawn  from  any  point  to  the  two  foci  make  equal  angles  with 
the  tangent,  and  have  their  sura  equal  to  the  major  axis.  Suppose, 
now,  the  tangential  force  to  act  on  P  and  to  increase  its  velocity. 
It  will  therefore  increase  the  axis,  so  that  the  new  value  assumed 
by  a  (viz.  a')  will  be  greater  than  a.  But  the  tangential  force 
does  not  alter  the  angle  of  tangency,  so  that  to  find  the  new  posi- 
tion (H')  of  the  upper  focus,  we  must  measure  off  along  the  same 
Kn«  P  H,  a  distance  P  H'  (=2  of—?  H)  greater  than  P  H.     Do 

*  41  revolutions  of  Neptune  are  nearly  eqaal  to  81  of  Uranus,  giving  rise  to  an 
inequality,  having  6806  yean  for  its  period. 
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this  then,  and  join  S  H  and  produce  it.  Then  will  A'  B'  be  the 
new  position  of  the  axis,  and  ^  SH'  the  new  excentricity.  Hence 
we  conclude,  1st,  that  the  new  position  of  the  perihelion  A'  will 
deviate  from  the  old  one  A  towards  the  same  side  of  the  axis  A  B  on 
which  P  is  when  the  tangential  force  acts  to  increase  the  velocity, 
whether  P  be  moving  from  perihelion  to  aphelion,  or  the  contrary. 
2dly,  That  on  the  same  supposition  as  to  the  action  of  the  tan- 
gential force,  the  exeentricity  increases  when  P  is  between  the 
perihelion  and  the  perpendicular  to  the  axis  F  H  G  drawn  through 
the  upper  focus,  and  diminishes  when  between  the  aphelion  and 
the  same  perpendicular.  3dly,  That  for  a  given  change  of  velocity, 
t.  e.  for  a  given  value  of  the  tangential  force,  the  momentary  varia- 
tion in  the  place  of  the  perihelion  is  a  maximum  when  P  is  at  F 
or  G,  from  which  situation  of  P  to  the  perihelion  or  aphelion,  it 
decreases  to  nothing,  the  perihelion  being  stationary  when  P  is  at 
A  or  B.  4thly,  That  the  variation  of  the  excentricity  due  to  this 
cause  is  complementary  in  its  law  of  increase  and  decrease  to  that 
of  the  perihelion,  being  a  maximum  for  a  given  tangential  force 
when  P  is  at  A  or  B,  and  vanishing  when  at  G  or  F.  And  lastly, 
that  where  the  tangential  force  acts  to  diminish  the  velocity,  all 
these  results  are  reversed.  If  the  orbit  be  very  nearly  circular* 
the  points  F,  G,  will  be  so  situated  that,  although  not  at  opposite 
extremities  of  a  diameter ^  the  times  of  describing  A  F,  F  M,  M  G, 
and  GA  will  be  all  equal,  and  each  of  course  one  quarter  of  the 
whole  periodic  time  of  P. 

(671.)  Let  us  now  consider  the  effects  of  the  normal  component 
of  the  disturbing  force  upon  the  same  elements.  The  direct  effect 
of  this  force  is  to  increase  or  diminish  the  curvature  of  the  orbit  at 
the  point  P  of  its  action,  without  producing  any  change  on  the 
velocity,  so  that  the  length  of  the  axis  remains  unaltered  by  its 
action.  Now,  an  increase  of  curvature  at  P  is  synonymous  with 
a  decrease  in  the  angle  of  tangency  SPY  when  P  is  approaching 
towards  S,  and  with  an  increase  in  that  angle  when  receding  from 
S.  Suppose  the  former  case,  and  while  P  approaches  S  (or  is 
moving  from  aphelion  to  perihelion),  let  the  normal  force  act  in. 
wards  or  towards  the  concavity  of  the  ellipse.  Then  will  the  tan- 
gent P  Y  by  the  action  of  that  force  have  taken  up  the  position 

*  So  nearly  that  the  cube  of  the  excentricity  may  be  neglected. 
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P  Y^  To  find  the  corresponding  position  H'  taken  up  by  the  focus 
of  the  orbit  so  disturbed^  we  must  make  the  angle  S  P  H'=180^ 
— 2  S  P  Y'y  or,  which  comes  to  the  same,  draw  P  H'  on  the  side 

Fig.  88. 


of  P  H  opposite  to  S,  making  the  angle  H  P  H'»twice  the  angle 
of  deflection  Y  P  Y'  and  in  P  H  take  P  H'«P  H.  Joining,  then, 
S  H'  and  producing  it,  A'  S'  H'  M'  will  be  the  new  position  of 
the  axis,  A'  the  new  perihelion,  and  J  S  H'  the  new  excentricity. 
Hence  we  conclude,  1st,  that  the  normal  force  acting  inwards^ 
and  P  moving  towards  the  perihelion,  the  new  direction  S  A'  of 
the  perihelion  is  in  advance  (with  reference  to  the  direction  of  P's 
revolution)  of  the  old — or  the  apsides  advance — when  P  is  any- 
where situated  between  F  and  A  (since  when  at  F  the  point  H' 
falls  upon  H  M  between  H  and  M).  When  P  is  at  G  the  apsides 
are  stationary,  but  when  P  is  anywhere  between  M  and  G  the 
apsides  retrograde,  H'  in  this  case  lying  on  the  opposite  side  of 
the  axis.  2dly,  That  the  same  directions  of  the  normal  force  and 
of  P's  motion  being  supposed,  the  excentricity  increases  while  P 
moves  through  the  whole  semiellipse  from  aphelion  to  perihelion 
—the  rate  of  its  increase  being  a  maximum  when  P  is  at  F,  and 
nothing  at  the  aphelion  and  perihelion.  3dly,  That  these  effects 
are  reversed  in  the  opposite  half  of  the  orbit,  A  G  M,  in  which 
P  passes  from  perihelion  to  aphelion  or  recedes  from  S.  4thly, 
That  they  are  also  reversed  by  a  reversal  of  the  direction  of  the 
normal  force,  outwards,  in  place  of  inwards.  5thly,  That  here  also 
the  variations  of  the  excentricity  and  perihelion  are  complementary 
to  each  other ;  the  one  variation  being  most  rapid  when  the  other 
vanishes,  and  vke  versa*  6thly,  And  lastly,  that  the  changes  in  the 
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situation  of  the  focus  H  produced  by  the  actions  of  the  taugential 
and  normal  oomponents  of  the  disturbing  force  are  at  right  angles 
to  each  other  in  every  situation  of  P,  and  therefore  where  the  tan- 
gential force  is  most  efficacious  (in  proportion  to  its  intensity)  in 
varying  either  the  one  or  the  other  of  the  elements  in  question,  the 
normal  is  least  so,  and  vice  versd, 

(672.)  To  determine  the  momentary  effect  of  the  whole  disturb- 
ing force  then,  we  have  only  to  resolve  it  into  its  tangential  and 
normal  components,  and  estimating  by  these  principles  separately 
the  effects  of  either  constituent  on  both  elements,  add  or  subtract 
the  results  according  as  they  conspire  or  oppose  each  other.  Or 
we  may  at  once  make  the  angle  H  P  H"  equal  to  twice  the  angle 
of  deflection  produced  by  the  normal  force,  and  lay  off  P  H"=PH 
+  twice  the  variation  of  a  produced  in  the  same  moment  of  time 
by  the  tangential  force,  and  H"  will  be  the  new  focus.  The  mo- 
mentary velocity  generated  by  the  tangential  force  is  calculable 
from  a  knowledge  of  that  force  by  the  ordinary  principles  of  dyna- 
mics ;  and  from  this,  the  variation  of  the  axis  is  easily  derived.* 
The  momentary  velocity  generated  by  the  normal  force  in  its  own 
direction  is  in  like  manner  calculable  from  a  knowledge  of  that 
force,  and  dividing  this  by  the  linear  velocity  of  P  at  that  instant, 
we  deduce  the  angular  velocity  of  the  tangent  about  P,  or  the 
momentary  variation  of  the  angle  of  tangency  SPY,  correspond- 
ing. 

(673.)  The  following  rSsumS  of  these  several  results  in  a  tabu- 
lar form  includes  every  variety  of  case  according  as  P  is  approach- 
ing to  or  receding  from  S ;  as  it  is  situated  in  the  arc  F  A  G  of  its 
orbit  about  the  perihelion  or  in  the  remoter  arc  G  M  F  abotii  the 
aphelioTij  as  the  tangential  force  accelerates  or  retards  the  disturbed 
body,  or  as  the  normal  acts  inwards  or  outwards  with  reference  to 
the  concavity  of  the  orbit. 


12  12  11 

•  -  — 1^  and— ,=» v^'  T .qS— t>'3s(t;^.  t/)(v  — vO  orwheninflnitesijiial 

a       r  Hi       T  "  a!     a  \  -r    /  \         / 

o' — a 
Tarifttions  only  are  oonsideTed "  ^  -  —  2  v  (t/~  v)  or  a' — a  —  2a2tf  (i/— v)  tsom.  which  it  appears 

that  the  variation  of  the  aada  arising  flrom  a  given  Taxiation  of  velocity  is  independent  of  r,  or  Is 
the  eame  at  whatever  distance  from  S  the  change  takes  place,  and  that  caterit  paribuM  it  is  grtaUr 
for  a  given  diange  of  velocity  (or  for  a  ^ven  tangential  force)  in  iht  direct  ratio  qf  the  vdocity 
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EFFECTS  OF  THE  TANGENTIAL  DISTUKBING  FORCE. 


Direction  of  TH  motion. 


Approaching  S, 

Ditto. 
Beceding  from  S. 

Ditto. 
Indifferent. 

Ditto. 

Ditto. 

Ditto. 


SitoatkM  of  Pin  orbit 


Anywhere. 

Ditto. 

Ditto. 

Ditto. 
About  Aphelion. 

Ditto. 
About  Perihelion. 

Ditto. 


Action  of  Taagntial  Force. 


Accelerating  P. 
Retarding  r. 
Accelerating  P. 
Retarding  P. 
Accelerating  P. 
Retarding  r. 
Accelerating  P. 
Retarding  P. 


EflbetoD  Etamenti. 


Apsides  recede, 
advance, 
advance, 
recede. 
Excentr.  decreases, 
increases, 
increases, 
decreases. 


EFFECTS  OF  THE  NORMAL  DISTURBING  FORCE. 


Dinction  of  P't  motion. 

•aHantifln  oT  P  in  orbik 

Effect  on  Elementb 

Indifferent 

About  Aphelion. 

Inwards. 

Apsides  recede. 

Ditto. 

Ditto. 

Outwards. 

advance. 

Ditto. 

About  Perihelion. 

Inwards. 

advance. 

Ditto. 

Ditto. 

Outwards. 

recede. 

Approaching  S. 

Anywhere. 

Inwards. 

Excentr.  increases. 

Ditto. 

Ditto. 

Outwards. 

decreases. 

Receding  from  S. 

Ditto. 

Inwards. 

decreases. 

Ditto. 

Ditto. 

Outwards. 

increases. 

(674.)  From  the  momentary  changes  in  the  elements  of  the 
disturbed  orbit  corresponding  to  successive  situations  of  P  and  M, 
to  conclude  the  total  amount  of  change  produced  in  any  given 
time  is  the  business  of  the  integral  calculus,  and  lies  far  beyond 
the  scope  of  the  present  work.  Without  its  aid,  however,  and  by 
general  considerations  of  the  periodical  recurrence  of  configura- 
tions of  the  same  character,  we  have  been  able  to  demonstrate 
many  of  the  most  interesting  conclusions  to  which  geometers  have 
been  conducted,  examples  of  which  have  already  been  given  in 
the  reasoning  by  which  the  permanence  of  the  axes,  the  periodi- 
city of  the  inclinations,  and  the  revolutions  of  the  nodes  of  the 
planetary  orbits  have  been  demonstrated.  We  shall  now  proceed 
to  apply  similar  considerations  to  the  motion  of  the  apsides,  and 
the  variations  of  the  excentricities.  To  this  end  we  must  first 
trace  the  changes  induced  on  the  disturbing  forces  themselveS) 
with  the  varying  positions  of  the  bodies,  and  here  as  in  treating  of 
the  inclinations  we  shall  suppose,  unless  the  contrary  is  expressly 
indicated,  both  orbits  to  be  very  nearly  circular,  without  which 
limitation  the  complication  of  the  subject  would  become  too  embar- 
rassing for  the  reader  to  follow,  and  defeat  the  end  of  explanation. 

(675.)  On  this  supposition  the  directions  of  S  P  and  S  Y,  the 
perpendicular  on  the  tangent  at  P,  may  be  regarded  as  coincident, 
and  the  normal  and  radial  disturbing  forces  become  nearly  identical 
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in  quantity,  also  the  tangential  and  transversal,  by  the  near  coinci- 
dence of  the  points  T  and  L  (fig.  art.  687).     So  far  then  as  the 

Fig.  89. 


intensUy  of  the  forces  is  concerned,  it  will  make  very  little  differ- 
ence in  which  way  the  forces  are  resolved,  nor  will  it  at  all 
materially  affect  our  conclusions  as  to  the  effects  of  the  normal 
and  tangential  forces,  if  in  estimating  their  quantitative  values,  we 
take  advantage  of  the  simplification  introduced  into  their  numerical 
expression  by  the  neglect  of  the  angle  P  S  Y,  i.  e.  by  the  substi- 
tution for  them  of  the  radial  and  transversal  components.  The 
character  of  these  effects  depends  (art.  670,671,)  on  the  direction 
in  which  the  forces  act,  which  we  shall  suppose  normal  and  tan- 
gential as  before,  and  it  is  only  on  the  estimation  of  their  quanti- 
tative effects  that  the  error  induced  by  the  neglect  of  this  angle 
can  fall.  In  the  lunar  orbit  this  angle  never  exceeds  3°  10',  and 
its  influence  on  the  quantitative  estimation  of  the  acting  forces 
may  therefore  be  safely  neglected  in  a  first  approximation.  Now 
M  N  being  found  by  the  proportion  M  P^ :  M  S^ ::  M  S  :  M  N, 
N  P  (=M  N— M  P)  is  also  known,  and  therefore  N  L=N  P.  sin 
N  P  S=N  P.  sin  (A  S  P+S  M  P)  and  L  S=P  L— P  S=N  P.  cos 
NT  S— P  S=N  P.  cos  (A  S  P+S  M  P)— S  P  become  known, 
which  express  respectively  the  tangential  and  normal  forces  on  the 
same  scale  that  S  M  represents  M's  attraction  on  S.*    Suppose  P 

•  M  8=R;  S  P==r;  M  P=/;  A  S  P=d;  A  M  P=M;  M  N=-^^;  N  P 
=-jj—  =  (R— /)  ^  1  +  -.  -h  --^;  whence  we  have  N  L=(R— /).  fldn  (e+M) 

and/,  owing  to  the  great  distance  of  M,  are  nearty  equal,  w©  have  R— -/=P  V,j  =  i 
nearly,  and  the  angle  M  may  be  neglected;  so  that  we  have  N  Pb=8  P  V. 
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to  reTolve  b  the  direction  E  A  D  B.  Then,  by  drawing  the  figure 
in  various  situations  of  P  throughout  the  whole  circle,  the  reader 
will  easily  satisfy  himself — 1st,  That  the  tangential  force  accele- 
rates P,  as  it  moves  from  E  towards  A,  and  from  D  towards  B, 
but  retards  it  as  it  passes  from  A  to  D,  and  from  B  to  E.  2nd| 
That  the  tangential  force  vanishes  at  the  four  points  A,  D,  E,  B, 
and  attains  a  maximum  at  some  intermediate  points.  3rdly,  That 
the  normal  force  is  directed  outwards  at  the  syzygies  A,  B,  and 
inwards  at  the  points  D,  E,  at  which  points  respectively  its  out- 
ward and  inward  intensities  attain  their  maxima.  Lastly,  that  this 
force  vanishes  at  points  intermediate  between  A  D,  D  B,  B  £,  and 
E  A,  which  points,  when  M  is  considerably  remote,  are  situated 
nearer  to  the  quadrature  than  the  syzygies. 

(676.)  In  the  lunar  theory,  to  which  we  shall  now  proceed  to 
apply  these  principles,  both  the  geometrical  representation  and  the 
algebraic  expression  of  the  disturbing  forces  admit  of  great  sim- 
plification. Owing  to  the  great  distance  of  the  sun  M,  at  whose 
centre  the  radius  of  the  moon's  orbit  never  subtends  an  angle  of 
more  than  about  8',  N  P  may  be  regarded  as  parallel  to  A  B. 
And  D  S  E  becomes  a  straight  line  coincident  with  the  line  of 
quadratures,  so  that  V  P  becomes  the  cosine  of  A  S  P  to  radius 


SP,  and  NL=NP.sinASP;  LP=:N  P.cos  ASP.  More- 
over, in  this  case  (see  the  note  on  the  last  article)  N  P»3  P  V=s 
3  S  P .  cos  A  S  P ;  and  consequently  N  L=s3  S  P  .  cos  A  S  P .  sin 
A  S  P-4  S  P  .  sin  2  A  S  P,  and  L  P=S  P  (3.cos  ASP^1)= 
J  S  P  (1+3 .  cos  2  A  S  P)  which  vanishes  when  cos  A  S  P*=J, 
or  at  64^  14'  from  the  syzygy.  Suppose  through  every  point  of 
of  P's  orbit  there  be  drawn  S  Q»3  S  P  .  cos  A  S  PS  then  will  Q 


1 
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trace  out  a  certain  looped  oval,  as  in  the  figure^  cutting  the  orbit 
in  four  points  64^  14'  from  A  and  B  respectively,  and  P  Q  wiU 
always  represent  in  quantity  and  direction  the  normal  force  acting 
at  P. 

(677.)  It  is  important  to  remark  here,  because  upon  this  the 
whole  lunar  theory  and  especially  that  of  the  motion  of  the  apsides 
hinges,  that  all  the  acting  disturbing  forces,  at  equal  angles  of 
elongation  A  S  P  of  the  moon  from  the  sun,  are  cateris  paribus 
proportional  to  S  P,  the  moon's  distance  from  the  earth,  and  are 
therefore  greater  when  the  moon  is  near  its  apogee  than  when  near 
its  perigee ;  the  extreme  proportion  being  that  of  about  28  :  25. 
This  premised,  let  us  first  consider  the  effect  of  the  normal  force 
in  displacing  the  lunar  apsides.  This  we  shall  best  be  enabled  to 
do  by  examining  separately  those  cases  in  which  the  effects  are 
most  strongly  contrasted ;  viz.  when  the  major  axis  of  the  moon's 
orbit  is  directed  towards  the  sun,  and  when  at  right  angles  to  that 
direction.     First,  then,  let  the  line  of  apsides  be  directed  to  the 


+  + 


sun  as  in  the  annexed  figure,  where  A  is  the  perigee,  and  take  the 
arcs  A  a,  A  6,  B  c,  B  d  each=64°  14'.  Then  while  P  is  between 
a  and  b  the  normal  force  acting  outwards,  and  the  moon  being 
near  its  perigefe,  by  art.  671,  the  apsides  will  recede,  but  when 
between  c  and  d,  the  force  there  acting  outwards,  but  the  moon 
being  near  its  apogee,  they  will  advance.  The  rapidity  of  these 
movements  will  be  respectively  at  its  maxima  at  A  and  B,  not 
only  because  the  distuibing  forces  are  then  most  intense,  but  also 
because  (see  art.  671,)  they  act  most  advantageously  at  those 
pomts  to  displace  the  axis.  Proceeding  from  A  and  B  towards 
the  neutral  points  ab  c  d  the  rapidity  of  their  recess  and  advance 
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diminishes,  and  is  nothing  (or  the  apsides  are  stationary)  when  P 
is  at  either  of  these  points.  From  b  to  D,  or  rather  to  a  point 
some  little  beyond  D  (art.  671),  the  force  acts  inwards,  and  the 
moon  is  still  near  perigee,  so  that  in  this  arc  of  the  orbit  the  apsides 
advance.  But  the  rate  of  advance  is  feeble,  because  in  the  early 
part  of  that  arc  the  normal  force  is  small,  and  as  P  approaches  D 
and  the  force  gains  power,  it  acts  disadvantageously  to  move  the 
axis,  its  efiect  vanishing  altogether  when  it  arrives  beyond  D  at 
the  extremity  of  the  perpendicular  to  the  ipper  focus  of  the  lunar 
ellipse.  Thence  up  to  c  this  feeble  advance  is  reversed  and  con- 
verted into  a  recess,  the  force  still  acting  inwards,  but  the  moon 
now  being  near  its  apogee.  And  so  also  for  the  arcs  d  £,  £  a. 
In  the  figure  these  changes  are  indicated  by  +  +  for  rapid  advance, 

for  rapid  recess,  +  and  -«  for  feeble  advance  and  recess,  and 

0  for  the  stationary  points.  Now  if  the  forces  were  equal  on  the 
sides  of  +  and  —  it  is  evident  that  there  would  be  an  exact  coun- 
terbalance of  advance  and  recess  on  the  average  of  a  whole  revo- 
lution. But  this  is  not  the  case.  The  force  in  apogee  is  greater 
than  that  in  perigee  in  the  proportion  of  28  :  25,  while  in  the 
quadratures  about  D  and  E  they  are  equal.  Therefore,  while  the 
feeble  movements  +  and  —  in  the  neighbourhood  of  these  points 
destroy  each  other  almost  exactly,  there  will  necessarily  remain 
a  considerable  balance  in  favour  of  advance,  in  this  situation  of 
the  line  of  apsides. 

(678.)  Next  suppose  the  apogee  to  lie  at  A,  and  the  perigee  at 
B.  In  this  case  it  is  evident  that,  so  far  as  the  direction  of  the 
motions  of  the  apsides  is  concerned,  all  the  conclusions  of  the 
foregoing  reasoning  will  be  reversed  by  the  substitution  of  the 
word  perigee  for  apogee,  and  vice  versd  ;  and  all  the  signs  in  the 
figure  referred  to  will  be  changed.  But  now  the  most  powerful 
forces  act  on  the  side  of  A,  that  is  to  say,  still  on  the  side  of  ad- 
vance, this  condition  also  being  reversed.  In  either  situation  of 
the  orbit,  then,  the  apsides  advance. 

(679.)  (Case  3.)  Suppose,  now,  the  major  axis  to  have  the  situ- 
ation D  E,  and  the  perigee  to  be  on  the  side  of  D.  Here,  in  the 
arc  &  c  of  P's  motion  the  normal  force  acts  inwards,  and  the  moon 
is  near  perigee,  consequently  the  apsides  advance,  but  with  a 
moderate  rapidity,  the  maximum  of  the  inward  normal  force  be- 
ing only  half  that  of  the  outward.    In  the  arcs  A  h  and  c  B  the 
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moon  is  still  near  perigee,  and  the  force  acts  outwards,  but  though 
powerfully  towards  A  and  B,  yet  at  a  constantly  increasing  disad- 
vantage (art.  671).  Therefore  in  these  arcs  the  apsides  recede, 
but  moderately.  In  a  A  and  B  d  (being  towards  apogee)  they 
again  advance,  still  with  a  moderate  velocity.  Lastly,  throughout 
the  arc  d  a,  being  about  apogee  with  an  inward  force,  they  recede. 
Here  as  before,  if  the  perigee  and  apogee  forces  were  equal,  the 
advance  and  recess  would  counterbalance  ;  but  as  in  fact  the  apo- 
gee forces  preponderate,  there  will  be  a  balance  on  the  entire 
revolution  in  favour  of  recess.  The  same  reasoning  of  course 
holds  good  if  the  perigee  be  towards  E.  But  now,  between  these 
cases  and  those  in  the  foregoing  articles,  there  is  this  difference, 
viz*  that  in  this  the  dominant  effect  results  from  the  inward  action 
of  the  normal  force  in  quadratures,  while  in  the  others  it  results 
from  it3  outward  and  doubly  powerful  action  in  syzygies.  The 
recess  of  the  apsides  in  their  quadratures  arising  from  the  action  of 
the  normal  force  will  therefore  be  less  than  their  advance  in  their 
syzygies ;  and  not  only  on  this  account,  but  also  because  of  the 
much  less  extent  of  the  arcs  b c  and  da  on  which  the  balance  is 
mainly  struck  in  this  case,  than  of  ai  and  cd,  the  corresponding 
most  influential  arcs  in  the  other. 

(680.)  In  intermediate  situations  of  the  line  of  apsides,  the 
effect  will  be  intermediate,  and  there  will  of  course  be  a  situation 
of  them  in  which  on  an  average  of  a  whole  revolution,  they  are 
stationary.  This  situation  it  is  easy  to  see  will  be  nearer  to  the 
line  of  quadratures  than  of  syzygies,  and  the  preponderance  of  ad- 
vance will  be  maintained  over  a  much  more  considerable  arc  than 
that  of  recess,  among  the  possible  situations  which  they  can  hold. 
On  every  account,  therefore,  the  action  of  the  normal  force  causes 
the  lunar  apsides  to  progress  in  a  complete  revolution  o/*  M  or  in  a 
syn6dical  year,  during  which  the  motion  of  the  sun  round  the 
earth  (as  we  consider  the  earth  at  rest)  brings  the  line  of  syzygies 
into  all  situations  with  respect  to  that  of  apsides. 

(681.)  Let  us  next  consider  the  action  of  the  tangential  force. 
And  as  before  (Case  1),  supposing  the  perigee  of  the  moou  at  A, 
and  the  direction  of  her  revolution  to  be  A  I)  B  E,  the  tangential 
force  retards  her  motion  through  the  quadrant  A  D,  in  which  she 
recedes  from  S,  therefore  by  art.  370,  the  apsides  recede.  Through 
D  B  the  force  accelerates^  while  the  moon  still  recedes^  therefore 
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they  advance.  Through  B  E  the  force  retards,  and  the  moon  ap- 
proaches, therefore  they  continue  to  advance,  and  finally  through- 
out >the  quadrant  EAthe  force  accelerates  and  the  moon  ap- 
proaches, therefore  they  recede.  In  virtue  therefore  of  this  force, 
the  apsides  recede,  during  the  description  of  the  arc  E  A  D,  and 
advance  during  D  B  E,  but  the  force  being  in  this  case  as  in  that 
of  the  normal  force  more  powerful  at  apogee,  the  latter  will  pre- 
ponderate, and  the  apsides  will  advance  on  an  average  of  a  whole 
revolution. 

(682.)  (Case  2.)  The  perigee  being  towards  B,  we  have  to  sub- 
stitute in  the  foregoing  reasoning  approach  to  S,  for  recess  from 
it,  and  vice  versad,  the  accelerations  and  retardations  remaining  as 
before.  Therefore  the  results,  as  far  as  direction  is  concerned, 
will  be  reversed  in  each  quadrant,  the  apsides  advance  during 
E  A  D  and  recede  during  D  B  £.  But  the  situation  of  the  apogee 
being  also  reversed,  the  predominance  remains  on  the  side  of 
£  A  D,  that  is,  of  advance. 

(683.)  (Case  3.)  Apsidesinquadratures,  perigee  near  Df— -Over 
quadrant  A  D,  approach  and  retardation,  therefore  advance  of  ap- 
sides. Over  D  B  recess  and  acceleration,  therefore  again  advance ; 
over  BE  recess  and  retardation  with  recess  of  apsides,  and  lastly 
over  E  A  approach  and  acceleration,  producing  their  continued 
recess.  Total  result:  advance  during  the  half  revolution  A  D  B, 
and  recess  during  B  E  A,  the  acting  forces  being  more  powerful  in 
the  latter,  whence  of  course  a  preponderant  recess.  The  same 
result  when  the  perigee  is  at  E. 

(684.)  So  far  the  analogy  of  reasoning  between  the  action  of 
the  tangential  and  normal  forces  is  perfect.  But  from  this  point 
they  diverge.  It  is  not  here  as  before.  The  recess  of  the  apsides 
in  quadratures  does  not  now  arise  from  the  predominance  of  feeble 
over  feebler  forces,  while  that  in  syzygies  results  from  that  of  pow- 
erful over  powerful  ones.  The  maximum  accelerating  action  of 
the  tangential  force  is  equal  to  its  maximum  retarding,  while  the 
inward  action  of  the  normal  at  its  maximum  is  only  half  the  maxi- 
mum of  its  outward.  Neither  is  there  that  difference  in  the  extent 
of  the  arcs  over  which  the  balance  is  struck  in  this,  as  in  the  other 
case,  the  action  of  the  tangential  force  being  inward,  and  out- 
ward alternately  over  equal  arcs,  each  a  complete  quadrant. 
Whereas,  therefore,  in  tracing  the  action  of  the  normal  force,  we 
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found  reason  to  conclude  it  much  more  efTective  to  produce  pro- 
gress of  the  apsides  in  their  syzygy,  than  in  their  quadrature  situa- 
tionsy  we  can  draw  no  such  conclusion  in  that  of  the  tangential 
forces :  there  being,  as  regards  that  force,  a  complete  symmetry  in 
the  four  quadrants y  while  in  regard  of  the.normal  force  the  symme- 
try is  only  a  half-symmetry  having  relation  to  two  semicircles, 

(685.)  Taking  the  average  of  many  revolutions  of  the  sun  about 
the  earth,  in  which  it  shall  present  itself  in  every  possible  variety 
of  situations  to  the  line  of  apsides,  we  see  that  the  effect  of  the 
normal  force  is  to  produce  a  rapid  advance  in  the  syzygy  of  the 
apsides,  and  a  less  rapid  recess  in  their  quadrature,  and  on  the 
whole,  therefore,  a  moderately  rapid  general  advance,  while  that 
of  the  tangential  is  to  produce  an  equally  rapid  advance  in  syzygy, 
and  recess  in  quadrature.  Directly,  therefore,  the  tangential  force 
would  appear  to  have  no  ultimate  influence  in  causing  either  in* 
crease  or  diminution  in  the  mean  motion  of  the  apsides  resulting 
from  the  action  of  the  normal  force.  It  does  so,  however,  indi- 
rectly, conspiring  in  that  respect  with,  and  greatly  increasing,  an 
indirect  action  of  the  normal  force  in  a  manner  which  we  shall 
now  proceed  to  explain. 

(686.)  The  sun  moving  uniformly,  or  nearly  so,  in  the  same 
direction  as  P,  the  line  of  apsides  when  in  or  near  the  syzygy,  in 
advancing  follows  the  sun,  and  therefore  remains  materially  longer 
in  the  neighbourhood  of  syzygy  than  if  it  rested.  On  the  other 
hand,  when  the  apsides  are  in  quadrature  they  recede,  and  moving 
therefore  contrary  to  the  sun's  motion,  remain  a  shorter  time  in 
that  neighbourhood,  than  if  they  rested.  Thus  the  advance,  al- 
ready preponderant,  is  made  to  preponderate  more  by  its  longer 
continuance,  and  the  recess,  already  deficient,  is  rendered  still 
more  so  by  the  shortening  of  its  duration.*  Whatever  cause,  then, 
increases  directly  the  rapidity  of  both  advance  and  recess,  though 
it  may  do  both  equally^  aids  in  this  indirect  process,  and  it  is  thus 
that  the  tangential  force  becomes  effective  through  the  medium  of 
the  progress  already  produced,  in  doing  and  aiding  the  normal 
force  to  do  that  which  alone  it  would  be  unable  to  effect.  Thus  we 
have  perturbation  exaggerating  perturbation,  and  thus  we  see  what 
is  meant  by  geometers,  when  they  declare  that  a  considerable  part 
of  the  motion  of  the  lunar  apsides  is  due  to  the  square  of  the  dis- 

*  Newton,  Princ  i.  66.  Cor.  8. 


YABIATIOK  OF  THB  HOOK'S  ICOBRTBIOITT.  417 

turbing  force,  or,  in  other  words,  arises  out  of  a  secodd  approxi- 
mation in  which  the  influence  of  the  first  in  altering  the  data  of  the 
problem  is  taken  into  account. 

(687.)  The  curious  and  complicated  efiect  of  perturbation,  de- 
scribed in  the  last  article,  has  given  more  trouble  to  geometers 
than  any  other  part  of  the  lunar  theory.  Newton  himself  had  suc- 
ceeded in  tracing  that  part  of  the  motion  of  the  apogee  which  is 
due  to  the  direct  action  of  the  radial  force  ;  but  finding  the  amount 
only  half  what  observation  assigns,  he  appears  to  have  abandoned 
the  subject  in  despair.  Nor,  when  resumed  by  his  successors,  did 
the  inquiry,  for  a  very  long  period,  assume  a  more  promising  as- 
pect. On  the  contrary,  Newton's  result  appeared  to  be  even 
minutely  verified,  and  the  elaborate  investigations  which  were 
lavished  upon  the  subject  without  success  began  to  excite  strong 
doubts  whether  this  feature  of  the  lunar  motions  could  be  explained 
at  all  by  the  Newtonian  law  of  gravitation.  The  doubt  was  re- 
moved,  however,  almost  in  the  instant  of  its  origin,  by  the  same 
geometer,  Clairaut,  who  first  gave  it  currency,  and  who  gloriously 
repaired  the  error  of  his  momentary  hesitation,  by  demonstrating 
the  exact  coincidence  between  theory  and  observation,  when  the 
efiect  of  the  tangential  force  is  properly  taken  into  the  account. 
The  lunar  apogee  circulates,  in  3232^-575343,  or  about  9^  years. 

(688.)  Let  us  now  proceed  to  investigate  the  influence  of  the 
disturbing  forces  so  resolved  on  the  excentricity  of  the  lunar  orbit, 
and  the  foregoing  articles  having  suffi-  Fig.  92. 

ciently  fisimiliarized  the  reader  with  our 
mode  of  following  out  the  changes  in 
difierent  situations  of  the  orbit,  we  shall 

take  at  once  a  mare  general  situation,   j  ^       *-     -f  \    'i 

and  suppose  the  line  of  apsides  in  any 
position  with  respect  to  the  sun,  such  as 
Z  Y,  the  perigee  being  at  Z,  a  point  be- 
tween the  lower  syzygy  and  the  quadra- 
ture next  following  it,  the  direction  of  P's  motion  as  all  along  sup- 
posed being  A  D  B  E.  Then  (commencing  with  the  normal  force) 
the  momentary  change  of  excentricity  will  vanish  at  a,  &,  c,  d,  by 
the  vanishing  of  that  force,  and  at  Z  and  T  be  the  efiect  of  situa- 
tion in  the  orbit  annulling  its  action  (art.  671).  In  the  arcs  Z  ft 
and  Y  d  therefore  the  change  of  excentricity  will  be  small,  the 

27 


418  OUTLINSS  09  A8TB0N0MT. 

acting  force  nowhere  attaining  either  a  great  magnitude  or  an 
advantageous  situation  within  their  limits.  And  the  force  within 
these  two  arcs  having  the  same  character  as  to  inward  and  out- 
ward, but  being  oppositely  influential  by  reason  of  the  approach 
of  P  to  S  in  one  of  them  and  its  recess  in  the  other,  it  is  evident 
that,  so  far  as  these  arcs  are  concerned,  a  very  near  compensation 
of  efiects  will  take  place,  and  though  the  apogeal  arc  Y  c{  will  be 
somewhat  more  influential,  this  will  tell  for  little  upon  the  average 
of  a  revolution. 

(689.)  The  arcs  iDcand  dEa  are  each  much  less  than  a 
quadrant  in  extent,  and  the  force  acting  inwards  throughout  them 
(which  at  its  maximum  in  D  and  E  is  only  half  the  outward  force 
at  A,  B)  degrades  very  rapidly  in  intensity  towards  either  syzygy 
(see  art.  676).  Hence  whether  Z  be  between  be  or  b  A,  the  efiects 
of  the  force  in  these  arcs  will  not  produce  very  extensive  changes 
on  the  excentricity,  and  the  changes  which  it  does  produce  will 
(for  the  reason  already  given)  be  opposed  to  each  other.  Although, 
then,  the  arc  a  d  be  farther  from  perigee  than  b  c,  and  therefore  the 
force  in  it  is  greater,  yet  the  predominance  of  efiect  here  will  not 
be  very  marked, 'and  will  moreover  be  partially  neutralized  by  the 
small  predominance  of  an  opposite  character  in  Y  d  over  Z  b.  On 
the  other  hand,  the  arcs  aZ,  c  Y  are  both  larger  in  extent  than 
either  of  the  others,  and  the  seats  of  action  of  forces  doubly  pow- 
erful. Their  influence,  therefore,  will  be  of  most  importance,  and 
their  preponderance  one  over  the  other,  (being  opposite  in  their 
tendencies,)  will  decide  the  question  whether  on  an  average  of  the 
revolution,  the  excentricity  shall  increase  or  diminish.  It  is  clear 
that  the  decision  must  be  in  favour  of  c  Y,  the  apogeal  arc,  and, 
since  in  this  the  force  is  outwards  and  the  moon  receding  from  the 
earth,  an  increase  of  the  excentricity  will  arise  from  its  influence. 
A  similar  reasoning  will,  evidently,  lead  to  the  same  conclusion 
were  the  apogee  and  perigee  to  change  places,  for  the  directions 
of  P's  motion  as  to  approach  and  recess  to  S  will  be  indeed 
reversed,  but  at  the  same  time  the  dominant  forces  will  have 
changed  sides,  and  the  arc  a  A  Z  will  now  give  the  character  to 
the  result.  But  when  Z  lies  between  A  and  £,  as  the  reader  may 
easily  satisfy  himself,  the  case  will  be  altogether  diflerent,  and  the 
reverse  conclusion  will  obtain.  Hence  the  changes  of  excentricity 
emergent  on  the  average  of  single  revolutions  from  the  action  of 
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the  normal  force  will  be  as  represented  by  the  signs  +  and  —  in 
the  figure  above  annexed. 

(690.)  Let  us  next  consider  the  effect  of 'the  tangential  force. 
This  retards  P  in  the  quadrants  A  D,  B  £,  and  accelerates  it  in  the 
alternate  ones.  In  the  whole  quadrant 
A  D,  therefore,  the  effect  is  of  one  cha- 
racter, the  perigee  being  less  than  9(P 
firom  every  point  in  it,  and  in  the  whole 
quadrant  B  E  it  is  of  the  opposite,  the* 
apogee  being  so  situated  (art.  670).  More- 
over, in  the  middle  of  each  quadrant,  the 
tangential  force  is  at  its  maximum.  Now, 
in  the  other  quadrants,  £  A  and  D  B,  the  change  from  perigeal  to 
apogeal  vicinity  takes  place,  and  the  tangential  force,  however 
powerful,  has  its  effect  annulled  by  situation  (art.  670),  and  this 
happens  more  or  less  nearly  about  the  points  where  the  force  is  a 
maximum.  These  quadrants,  then,  are  far  less  influential  on  the 
total  result,  so  that  the  character  of  that  result  will  be  decided  by 
the  predominance  of  one  or  other  of  the  former  quadrants,  and 
will  lean  to  that  which  has  the  apogee  in  it.  Now  in  the  quadrant 
B  £  the  force  retards  the  moon  and  the  moon  is  in  apogee.  There- 
fore the  excentricity  increases.  In  this  situation  therefore  of  the 
apogee,  such  is  the  average  result  of  a  complete  revolution  of  the 
moon.  Here  again  also  if  the  perigee  and  apogee  change  places, 
so  will  also  the  character  of  all  the  partial  influences,  arc  for  arc. 
But  the  quadrant  A  D  will  now  preponderate  instead  of  D  £,  so 
that  under  this  double  reversal  of  conditions  the  result  will  be 
identical.  Lastly,  if  the  line  of  apsides  be  in  A  £,  B  D,  it  may 
be  shown  in  like  manner  that  the  excentricity  will  diminish  on  the 
average  of  a  revolution. 

(691.)  Thus  it  appears,  that  in  varying  the  excentricity,  pre- 
cisely as  in  moving  the  line  of  apsides,  the  direct  effect  of  the 
tangential  force  conspires  with  that  of  the  normal,  and  tends  to 
increase  the  extent  of  the  deviations  to  and  fro  on  either  side  of  a 
mean  value  i^hich  the  varying  situation  of  the  sun  with  respect  to 
the  line  of  apsides  gives  rise  to,  having  for  their  period  of  resto- 
ration a  synodical  revolution  of  the  sun  and  apse.  Supposing  the 
sun  and  apsis  to  start  together,  the  sun  of  course  will  outrun  the 
apsis  (whose  period  is  nine  years),  and  in  the  lapse  of  about 
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(i  ~l- 12)  part  of  a  year  will  have  gained  on  it  90°,  during  aU 
which  interval  the  apse  will  have  been  in  the  quadrant  A  £  of  our 
figure,  and  the  excentricity  continually  decreasing.  The  decrease 
will  then  cease,  but  the  excentricity  itself  will  be  a  minimum,  the 
sun  being  now  at  right  angles  to  the  line  of  apsides.  Thence  it 
will  increase  to  a  maximum  when  the  sun  has  gained  another  90°, 
and  again  attained  the  line  of  apsides,  and  so  on  alternately.  The 
actual  effect  on  the  numerical  value  of  the  lunar  excentricity  ia 
very  considerable,  the  greatest  and  least  excentiicities  being  in  the 
ratio  of  3  to  2.* 

(692.)  The  motion  of  the  apsides  of  the  lunar  orbit  may  be 
illi\strated  by  a  very  pretty  mechanical  experiment,  which  is  other- 
wise instructive  in  giving  an  idea  of  the  mode  in  which  orbitual 
motion  is  carried  on  under  the  action  of  central  forces  variable 
according  to  the  situation  of  the  revolving  body.  |jet  a  leaden 
weight  be  suspended  by  a  brass  or  iron  wire  to  a  hook  in  the  under 
side  of  a  firm  beam,  so  as  to  allow  of  its  free  motion  on  all  sides 
of  the  vertical,  and  so  that  when  in  a  state  of  rest  it  shall  just  clear 
the  floor  of  the  room,  or  a  table  placed  ten  or  twelve  feet  beneath 
the  hook.  The  point  of  support  should  be  well  secured  from 
wagging  to  and  fro  by  the  oscillation  of  the  weight,  which  should 
be  sufficient  to  keep  the  wire  as  tightly  stretched  as  it  will  bear, 
with  the  certainty  of  not  breaking.  Now,  let  a  very  small  motion 
be  communicated  to  the  weight,  not  by  merely  withdrawing  it 
from  the  vertical  and  letting  it  fall,  but  by  giving  it  a  slight  im- 
pulse sideways.  It  will  be  seen  to  describe  a  regular  ellipse  about 
the  point  of  rest  as  its  centre.  If  the  weight  be  heavy,  and  carry 
attached  to  it  a  pencil,  whose  point  lies  exactly  in  the  direction  of 
the  string,  the  ellipse  may  be  transferred  to  paper  lightly  stretched 
and  gently  pressed  against  it.  In  these  circumstances,  the  situa- 
tion of  the  major  and  minor  axes  of  the  ellipse  will  remain  for  a 
long  time  very  nearly  the  same,  though  the  resistance  of  the  air 
and  the  stifihess  of  the  wire  will  gradually  diminish  its  dimensions 
and  excentricity.  But  if  the  impulse  communicated  to  the  weight 
be  considerable,  so  as  to  carry  it  out  to  a  great  ahgle  (15^  or  20^ 
from  the  vertical),  this  permanence  of  situation  of  the  ellipse  will 
no  longer  subsist.  Its  axis  will  be  seen  to  shift  its  position  at  ev^ery 
revolution  of  the  weight,  advancing  in  the  same  direction  with  the 

*  Aiiy,  GimvitttioD,  p.  106. 
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weight's  mottODi  by  an  uniform  and  regular  progression,  which  at 
length  will  entirely  reverse  its  situation,  bringing  the  direction  of 
the  longest  excursions  to  coincide  with  that  in  which  the  shortest 
were  previously  made  ;  and  so  on,  round  the  whole  circle ;  and, 
in  a  word,  imitating  to  the  eye,  very  completely,  the  motion  of  the 
apsides  of  the  moon's  orbit. 

(693.)  Now,  if  we  inquire  into  the  cause  of  this  progression  of 
the  apsides,  it  will  not  be  difficult  of  detection.  When  a  weight 
b  suspended  by  a  wire,  and  drawn  aside  from  the  vertical,  it  is 
urged  to  the  lowest  point  (or  rather  in  a  direction  at  every  instant 
perpendicular  to  the  wire)  by  a  force  which  varies  as  the  sine  of 
the  deviation  of  the  wire  from  the  perpendicular.  Now,  the  sines 
of  very  small  arcs  are  nearly  in  the  proportion  of  the  arcs  them- 
selves ;  and  the  more  nearly,  as  the  arcs  are  smaller.  If,  therefore, 
the  deviations  from  the  vertical  be  so  small  that  we  may  neglect 
the  curvature  of  the  spherical  surface  in  which  the  weight  moves, 
and  regard  the  curve  described  as  coincident  with  its  projection 
on  a  horizontal  plane,  it  will  be  then  moving  under  the  same  cir- 
cumstances as  if  it  were  a  revolving  body  attracted  to  a  centre  by 
a  force  varying  directly  as  the  distance ;  and,  in  this  case,  the 
curve  described  would  be  an  ellipse,  having  its  centre  of  attraction 
not  in  the  focus,  but  in  the  centre,*  and  the  apsides  of  this  ellipse 
would  remain  fixed.  But  if  the  excursions  of  the  weight  from  the 
vertical  be  considerable,  the  force  ui^ng  it  towards  the  centre 
will  deviate  in  its  law  from  the  simple  ratio  of  the  distances ;  being 
as  the  sinCj  while  the  distances  are  as  the  arc.  Now  the  sine, 
though  it  continues  to  increase  as  the  arc  increases,  yet  does  not 
increase  so  fast.  So  soon  as  the  arc  has  any  sensible  extent^  the 
sine  begins  to  fell  somewhat  short  of  the  magnitude  which  an 
exact  numerical  proportionality  would  require  ;  and  therefore  the 
force  urging  the  weight  towards  its  centre  or  point  of  rest  at  great 
distances  falls,  in  like  proportion,  somewhat  short  of  that  which 
would  keep  the  body  in  its  precise  elliptic  orbit.  It  will  no  longer, 
therefore,  have,  at  those  greater  distances,  the  same  command  over 
the  weight,  in  proportion  to  its  speedy  which  would  enable  it  to 
deflect  it  from  its  rectilinear  tangential  course  into  an  ellipse.  The 
true  path  which  it  describes  will  be  less  curved  in  the  remoter  parts 
than  is  consistent  with  the  elliptic  figure,  as  in  the  annexed  cut ; 

*  Newton,  Prindp.  L  47. 
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and,  therefore,  it  will  not  so  soon  have  its  motion  brought  to  be 
again  at  right  angles  to  the  radius.   It  will  require  a  longer  continued 
action  of  the  central  force  to  do  this ;  and  before  it  is  accomplished 
Fig.  94.  more  than  a  quadrant  of  its  revolution  must 

B  be  passed  over  in  angular  motion  round  the 
centre.  But  this  is  only  stating  at  length, 
and  in  a  more  circuitous  manner,  that  feet 
which  is  more  briefly  and  summarily  ex- 
pressed by  saying  that  the  apsides  of  its  orbit 
^^^s^^  are  progressive.    Nothing  beyond  a  familiar 

^""^^^^ — . — L.  illustration  is  of  course  intended  in  what  is 
above  said.  The  case  is  not  an  exact  parallel  with  that  of  the 
lunar  orbit,  the  disturbing  force  being  simply  radial,  whereas  in 
the  hinar  orbit  a  transversal  force  is  also  concerned,  and  even  were 
it  otherwise,  only  a  confused  and  indistinct  view  of  apsidal  motion 
can  be  obtained  from  this  kind  of  consideration  of  the  curvature 
of  the  disturbed  path.  If  we  obtain  a  clear  one,  the  two  foci  of 
the  instantaneous  ellipse  must  be  found  from  the  laws  of  elliptic 
motion  performed  under  the  influence  of  a  force  directly  as  the 
distance,  and  the  radial  disturbing  force  being  decomposed  into 
its  tangential  and  normal  components,  the  momentary  influence  of 
either  in  altering  their  positions  and  consequently  the  directions 
and  lengths  of  the  axis  of  the  ellipse  must  be  ascertained.  The 
student  will  find  it  neither  a  difficult  nor  an  uninstructive  exercise 
to  work  out  the  case  from  these  principles,  which  we  cannot  afford 
the  space  to  do. 

(694.)  The  theory  of  the  motion  of  the  planetary  apsides  and  the 
variation  of  their  excentricities  is  in  one  point  of  view  much  more 
simple,  but  in  another  much  more  complicated  than  that  of  the 
lunar.  It  is  simpler,  because  owing  to  the  exceeding  minuteness 
of  the  changes  operated  in  the  course  of  a  single  revolution,  the 
angular  position  of  the  bodies  with  respect  to  the  line  of  apsides 
is  very  little  altered  by  the  motion  of  the  apsides  themselves.  The 
line  of  apsides  neither  follows  up  the  motion  of  the  disturbing  body 
in  its  state  of  advance,  nor  vice  versdy  in  any  degree  capable  of 
prolonging  materially  their  advancing  or  shortening  materially  their 
receding  phase.  Hence  no  second  approximation  of  the  kind  ex- 
plained in  art.  686,  by  which  the  motion  of  the  lunar  apsides  is 
so  powerfully  modified  as  to  be  actually  doubled  in  amount,  is  at 
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all  required  in  the  planetary  theory.  On  the  other  hand,  the  latter 
theory  is  rendered  more  complicated  than  the  former,  at  least  in 
the  cases  of  planets  whose  periodic  times  are  ta  each  other  in  a 
ratio  much  less  than  13  to  1,  by  the  consideration  that  the  disturb- 
ing body  shifts  it  position  with  respect  to  the  line  of  apsides  by  a 
much  greater  angular  quantity  in  a  revolution  of  the  disturbed  body 
than  in  the  case  of  the  moon.  In  that  case  we  were  at  liberty  to 
suppose  (for  the  sake  of  explanation),  without  any  very  egregious 
error,  that  the  sun  held  nearly  a  fixed  position  during  a  single 
lunation.  But  in  the  case  of  planets  whose  times  of  revolution 
are  in  a  much  lower  ratio  this  cannot  be  permitted.  In  the  ease 
of  Jupiter  disturbed  by  Saturn  for  example,  in  one  sidereal  revolu- 
tion of  Jupiter,  Saturn  has  advanced  in  its  orbit  with  respect  to  the 
line  of  apsides  of  Jupiter  by  more  than  140^,  a  change  of  direction 
which  entirely  alters  the  conditions  under  which  the  disturbing 
forces  act.  And  in  the  case  of  an  exterior  disturbed  by  an  interior 
planet,  the  situation  of  the  latter  with  respect  to  the  line  of  the 
apsides  varies  even  more  rapidly  than  the  situation  of  the  exterior 
or  disturbed  planet  with  respect  to  the  central  body.  To  such 
cases  then  the  reasoning  which  we  have  applied  to  the  lunar  per- 
turbations becomes  totally  inapplicable ;  and  when  we  take  into 
consideration  also  the  excentricity  of  the  orbit  of  the  disturbing 
body,  which  in  the  most  important  cases  is  exceedingly  influential, 
the  subject  becomes  far  too  complicated  for  verbal  explanation,  and 
can  only  be  successfully  followed  out  with  the  help  of  algebraic 
expression  and  the  application  of  the  integral  calculus.  To 
Mercury,  Venus,  and  the  earth  indeed,  as  dbturbed  by  Jupiter, 
and  planets  superior  to  Jupiter,  this  objection  to  the  reasoning  in 
question  does  not  apply ;  and  in  each  of  these  cases  therefore  we 
are  entitled  to  conclude  that  the  apsides  are  kept  in  a  state  of  pro- 
gression by  the  action  of  all  the  larger  planets  of  our  system. 
Under  certain  conditions  of  distance,  excentricity,  and  relative  situa- 
tion of  the  axes  of  the  orbits  of  the  disturbed  and  disturbing  planets, 
it  is  perfectly  possible  that  the  reverse  may  happen,  an  instance  of 
which  is  afforded  by  Venus,  whose  apsides  recede  under  the  com- 
bined action  of  the  earth  and  Mercury  more  rapidly  than  they 
advance  under  the  joint  actions  of  all  the  other  planets.  Nay.  it 
is  even  possible  under  certain  conditions  that,  the  line  of  apsides 
of  the  disturbed  planet,  instead  of  revolving  always  in  one  direction. 
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may  librate  to  and  fro  within  assignable  limits,  and  in  a  definite 
and  regularly  recurring  period  of  time. 

(695.)  Under  any  conditions,  however,  as  to  these  particulars, 
the  view  we  have  above  taken  of  the  subject  -enables  us  to  assign 
at  every  instant,  and  in  every  configuration  of  the4wo  planets,  the 
momentary  effect  of  each  upon  the  perihelion  and  excentricity  of 
the  other.  In  the  simplest  case,  that  in  which  the  two  orbits  are 
so  nearly  circular,  that  the  relative  situation  of  their  perihelia  shall 
produce  no  appreciable  difference  in  the  intensities  of  the  disturb- 
ing forces,  it  is  very  easy  to  show  that  whatever  temporary  oscilla- 
tions to  and  fro  in  the  positions  of  the  line  of  apsides,  and  what- 
ever temporary  increase  and  diminution  in  the  excentricity  of 
either  planet  may  take  place,  the  final  effect  on  the  average  of  a 
great  multitude  of  revolutions,  presenting  them  to  each  other  in  all 
possible  configurations,  must  be  nUy  for  both  elements. 

(696.)  To  show  this,  all  that  is  necessary  is  to  cast  our  eyes  on 
the  synoptic  table  in  art.  673.  If  M,  the  disturbing  body,  be  sup- 
posed to  be  successively  placed  in  two  diametrically  opposite 
situations  in  its  orbit,  the  aphelion  of  P  will  stand  related  to  M  in 
one  of  these  situations  precisely  as  its  perihelion  in  the  other.  Now 
the  orbits  being  so  nearly  circles  as  supposed,  the  distribution  of 
the  disturbing  forces,  whether  normal  or  tangetitial,  is  symmetrical 
relative  to  their  common  diameter  passing  through  M,  or  to  the 
line  of  syzygies.  Hence  it  follows  that  the  half  of  P's  orbit  «  about 
perihelion"  (art.  673,)  will  stand  related  to  all  the  acting  forces  in 
the  one  situation  of  M,  precisely  as  the  half  «  about  aphelion" 
does  in  the  other:  and  also,  that  the  half  of  the  orbit  in  which  P 
<<  approaches  S,"  stands  related  to  them  in  the  one  situation  pre- 
cisely as  the  half  in  which  it  «  recedes  firom  S"  in  the  other. 
Whether  as  regards,  therefore,  the  normal  or  tangential  force,  the 
conditions  of  advance  or  recess  of  apsides,  and  of  increase  or 
diminution  of  excentricites,  are  reversed  in  the  two  supposed 
cases.  Hence  it  appears  that  whatever  situation  be  assigned  to  M, 
and  whatever  influence  it  may  exert  on  P  in  that  situation,  that 
influence  will  be  annihilated  in  situations  of  M  and  P,  diametrically 
opposite  to  those  supposed,  and  thus,  oa  a  general  average,  the 
effect  on  both  apsides  and  excentricities  is  reduced  to  nothing. 

(697.)  If  the  orbits,  however,  be  excentric,  the  symmetry  above 
insisted  on  in  the  distribution  of  the  forces  does  not  exist.    But, 
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in  the  first  place,  it  is  evident  that  if  the  excentricities  be  moderate, 
(as  in  the  planetary  orbits,)  by  far  the  larger  part  of  the  effects  of 
the  disturbing  forces  destroys  itself  in  the  manner  described  in  the 
last  article,  and  that  it  is  only  a  residual  portion,  viz.  that  which 
arises  from  the  greater  proximity  of  the  orbits  at  one  place  than  at 
another,  which  can  tend  to  produce  permanent  or  secular  effects. 
The  precise  estimation  of  these  effects  is  too  complicated  an  affair 
for  us  to  enter  upon ;  but  we  may  at  least  give  some  idea  of  the 
process  by  which  they  are  produced,  and  the  order  in  which  they 
arise.  In  so  doing,  it  is  necessary  to  distinguish  between  the  effects 
of  the  normal  and  tangential  forces.  The  effects  of  the  former 
are  greatest  at  the  point  of  conjunction  of  the  planets,  bectuse  the 
normal  force  itself  is  there  always  at  its  maximum ;  and  although, 
where  the  conjunction  takes  place  at  90^  from  the  line  of  apsides, 
its  effect  to  move  the  apsides  is  nullified  by  situation,  and  when  in 
that  line  its  effect  on  the  excentricities  is  similarly  nullified,  yet,  in 
the  situations  rectangular  to  these,  it  acts  to  its  greatest  advantage. 
On  the  other  hand,  the  tangential  force  vanishes  at  conjunction, 
whatever  be  the  place  of  conjunction  with  respect  to  the  line  of 
apsides,  and  where  it  is  at  its  ma^cimum  its  effect  is  still  liable  to 
be  annulled  by  situation.  Thus  it  appears  that  the  normal  force 
is  most  influential,  and  mainly  determines  the  character  of  the 
general  effect.  It  is,  therefore,  at  conjunction  that  the  most  influ- 
ential  effect  is  produced,  and  therefore,  on  the  long  average,  those 
conjunctions  which  happen  about  the  place  where  the  orbits  are 
Dearest  will  determine  the  general  character  of  the  eflect.  Now, 
the  nearest  points  of  approach  of  two  ellipses  which  have  a  com- 
mon focus  may  be  very  variously  situated  with  respect  to  the  peri- 
helion of  either.  It  may  be  at  the  perihelion  or  the  aphelion  of 
the  disturbed  orbit,  or  in  any  intermediate  position.  Suppose  it  to 
be  at  the  perihelion.  Then,  if  the  disturbed  orbit  be  interior  to 
the  disturbing,  the  force  acts  outwards,  and  therefore  the  apsides 
recede :  if  exterior,  the  force  acts  inwards,  and  they  advance.  In 
neither  case  does  the  excentricity  change.  If  the  conjunction 
take  place  at  the  aphelion  of  the  disturbed  orbit,  the  effects  will  be 
reversed :  if  intermediate,  the  apsides  will  be  less,  and  the  excen- 
tricity more  aflected. 

(698.)  Supposing  only  two  planets,  this  process  would  go  on 
till  the  apsides  and  excentricities  had  so  far  changed  as  to  alter 
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the  point  of  nearest  approach  of  the  orbits  so  as  either  to  accele- 
rate or  retard  and  perhaps  reverse  the  motion  of  the  apsides,  and 
give  to  the  variation  of  the  excentricity  a  corresponding  periodical 
character.  But  there  are  many  planets  all  disturbing  one  another. 
And  this  gives  rise  to  variations  in  the  points  of  nearest  approach 
of  all  the  orbits  taken  two  and  two  together,  of  a  very  complex 
nature. 

(699.)  It  cannot  fail  to  have  been  remarked,  by  any  one  who 
has  followed  attentively  the  above  reasonings,  that  a  close  analogy 
subsists  between  two  sets  of  relations ;  viz.  that  between  the  incli- 
nations and  nodes  on  the  one  hand,  and  between  the  excentrici^ 
and  apsides  on  the  other.  In  fact,  the  strict  geometrical  theories 
of  the  two  cases  present  a  close  analogy,  and  lead  to  final  results 
of  the  very  same  nature.  What  the  variation  of  excentricity  is  to 
the  motion  of  the  perihelion,  the  change  of  inclination  is  to  the 
motion  of  the  node.  In  either  case,  the  period  of  the  one  is  also 
the  period  of  the  other ;  and  while  the  perihelia  describe  consi- 
derable angles  by  an  oscillatory  motion  to  and  fro,  or  circulate  in 
immense  periods  of  time  round  the  entire  circle,  the  excentricities 
increase  and  decrease  by  comparatively  small  changes,  and  are  at 
length  restored  to  their  original  magnitudes.  In  the  lunar  orbit, 
as  the  rapid  rotation  of  the  nodes  prevents  the  change  of  inclina- 
tion firom  accumulating  to  any  material  amount,  so  the  still  more 
rapid  revolution  of  its  apogee  eflects  a  speedy  compensation  in  the 
fluctuations  of  its  excentricity,  and  never  suffers  them  to  go  to  any 
material  extent ;  while  the  same  causes,  by  presenting  in  quick 
succession  the  lunar  orbit  in  every  possible  situation  to  all  the  dis- 
turbing forces,  whether  of  the  sun,  the  planets,  or  the  protuberant 
matter  at  the  earth's  equator,  prevent  any  secular  accumulation  of 
small  changes,  by  which,  in  the  lapse  of  ages,  its  ellipticity  might 
be  materially  increased  or  diminished.  Accordingly,  observation 
shows  the  mean  excentricity  of  the  moon's  orbit  to  be  the  same 
now  as  in  the  earliest  ages  of  astronomy. 

(700.)  The  movements  of  the  perihelia,  and  variations  of  ex- 
centricity of  the  planetary  orbits,  are  interlaced  and  complicated 
together  in  the  same  manner  and  nearly  by  the  same  laws  as  the 
variations  of  their  nodes  and  inclinations.  Each  acts  upon  every 
other,  and  every  such  mutual  action  generates  its  own  peculiar 
period  of  circulation  or  compensation ;  and  every  such  period. 
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in  pursuance  of  the  principle  of  art.  650,  is  thence  propagated 
throughout  the  system.  Thus  arise  cycles  upon  cycles,  of  whose 
compound  duration  some  notion  may  be  formed,  when  we  consider 
what  is  the  length  of  one  such  period  in  the  case  of  the  two  prin- 
cipal planets — Jupiter  and  Saturn.  Neglecting  the  action  of  the 
rest,  the  efiect  of  their  mutual  attraction  would  be  to  produce  a 
secular  variation  in  the  excentricity  of  Saturn's  orbit,  from  0*08409, 
its  maximumj  to  0-01345,  its  minimum  value :  while  that  of  Ju- 
piter would  vary  between  the  narrow  limits,  006036  and  0-02606 : 
the  greatest  excentricity  of  Jupiter  corresponding  to  the  least  of 
Saturn,  and  vice  versd.  The  period  in  which  these  changes  are 
gone  through,  would  be  70414  years.  After  this  example,  it  will 
be  easily  conceived  that  many  millions  of  years  will  require  to 
elapse  before  a  complete  fulfilment  of  the  joint  cycle  which  shall 
restore  the  whole  system  to  its  original  state  as  far  as  the  excentri- 
cities  of  its  orbits  are  concerned. 

(701.)  The  place  of  the  perihelion  of  a  planet's  orbit  is  of  little 
consequence  to  its  well-being ;  but  its  excentricity  is  most  impor- 
tant, as  upon  this  (the  axes  of  the  orbits  being  permanent)  depends 
the  mean  temperature  of  its  surface,  and  the  extreme  variations  to 
which  its  seasons  may  be  liable.  For  it  may  be  easily  shown  that 
the  mean  anmuil  amount  of  light  and  heat  received  by  a  planet 
from  the  sun  is,  ceteris  paribus^  as  the  minor  axis  of  the  ellipse 
described  by  it.  Any  variation,  therefore,  in  the  excentricity,  by 
changing  the  minor  axis  will  alter  the  mean  temperature  of  the 
surface.  How  such  a  change  will  also  influence  the  extremes  of 
temperature  appears  from  art.  368.  Now  it  may  naturally  be  in- 
quired whether  (in  the  vast  cycle  above  spoken  of,  in  which,  at 
some  period  or  other,  conspiring  changes  may  accumulate  on  the 
orbit  of  one  planet  from  several  quarters,)  it  may  not  happen  that 
the  excentricity  of  any  one  planet — as  the  earth-^may  become 
exorbitantly  great,  so  as  to  subvert  those  relations  which  render  it 
habitable  to  man,  or  to  give  rise  to  great  changes,  at  least,  in  the 
physical  comfort  of  his  state.  To  this  the  researches  of  geometers 
have  enabled  us  to  answer  in  the  negative.  A  relation  has  been 
demonstrated  by  Lagrange  between  the  masses,  axes  of  the  orbits, 
and  excentricities  of  each  planet,  similar  to  what  we  have  already 
stated  with  respect  to  their  inclinations,  viz.  that  if  the  mass  of 
each  planet  be  multiplied  by  the  square  root  of  the  axis  of  its  orbit^ 


428  0UTLIKB8  OF  A8TB0K0UT. 

and  the  product  by  the  square  of  its  excentricUyj  the  sum  of  all 
such  products  throughout  the  system  is  invariable;  and  as,  in  point 
of  fact,  this  sum  is  extremely  small,  so  it  will  always  remain. 
Now,  since  the  axes  of  the  orbits  are  liable  to  no  secular  changes, 
this  is  equivalent  to  saying  that  no  one  orbit  shall  increase  its 
excentricity,  unless  at  the  expense  of  a  common  fund,  the  whole 
amount  of  which  is,  and  must  for  ever  remain,  extremely  minute.* 

*  There  is  nothing  in  this  relation,  however,  taken  per  «e,  to  secure  the  sniaUer 
planets — Mercury,  Mars,  Juno,  Ceres,  &.c — from  a  catastrophe,  could  they  accu- 
mulate on  themselves,  or  any  one  of  ihem,  the  whole  amount  of  this  excentricUy 
fund*  But  that  can  never  be :  Jupiter  and  Saturn  will  always  retain  the  lion's 
share  of  it  A  similar  remark  applies  to  the  inclination  fund  of  art  639.  These 
yUfiflb,  be  it  observed,  can  never  get  into  debt.  Every  term  of  them  is  essentiaUy 
positive. 


CHAPTER  XIV. 

OF  THE  INEQUALITIES  INDEPENDENT  OF  THE  EXCENTRICITIES. — THE 
moon's  VAAIATION  and  PARALLACTIC  INEQUALITY. — ^ANALOGOUS 
PLANETARY  INEQUALITIES. — THREE  CASES  OF  PLANETARY  PER- 
TURBATION   DISTINGUISHED. — OF   INEQUALITIES    DEPENDENT    ON 

THE  EXCENTRICITIES. LONO  INEQUALITY  OF  JUPITER  AND  SATURN. 

— LAW  OF  RECIPROCITY  BETWEEN  THE  PERIODICAL  VARIATIONS 
OF  THE  ELEMENTS  OF  BOTH  PLANETS. — LONG  INEQUALITY  OF  THE 
EARTH  AND  VENUS. — ^VARIATION  OF  THE  EPOCH.— INEQUALITIES 
INCIDENT  ON  THE  EPOCH  AFFECTING  THE  MEAN  MOTION. ^INTER- 
PRETATION OF  THE  CONSTANT  PART  OF  THESE  INEQUALITIES. 

ANNUAL  EQUATION  OF  THE  MOON HER  SECULAR  ACCELERATION. 

— LUNAR  INEQUALITIES  DUE  TO  THE  ACTION  OF  VENUS. EFFECT 

OF  THE  SPHEROIDAL  FIGURE  OF  THE  EARTH  AND  OTHER  PLANETS 
ON  THE  MOTIONS  OF  THEIR  SATELLITES. — OF  THE  TIDES.— -^MASSES 
OF  DISTURBING  BODIES  DEDUCIBLE  FROM  THE  PERTURBATIONS 
THEY  PRODUCE. — MASS  OF  THE  MOON,  AND  OF  JUPITER's  SATEL- 
LITESy  HOW  ASCERTAINED.— PERTURBATIONS  OF  URANUS  RESULT- 
ING IN  THE  DISCOVERY  OF  NEPTUNE. 

(702.)  To  calculate  the  actual  place  of  a  planet  or  the  moon,  in 
longitude  and  latitude  at  any  assigned  time,  it  is  not  enough  to 
know  the  changes  produced  by  perturbation  in  the  elements  of  its 
orbit,  still  less  to  know  the  secular  changes  so  produced,  which 
are  only  the  outstanding  or  uncompensated  portions  of  much 
greater  changes  induced  in  short  periods  of  configuration.  We 
must  be  enabled  to  estimate  the  actual  effect  on  its  longitude  of 
those  periodical  accelerations  and  retardations  in  the  rate  of  its 
mean  angular  motion,  and  on  its  latitude  of  those  deviations  above 
and  below  the  mean  plane  of  its  orbit,  which  result  from  the  con- 
tinued action  of  the  perturbative  forces,  not  as  compensated  in  long 
periods,  bat  as  in  the  act  of  their  generation  and  destruction  in 
short  ones.   In  this  chapter  we  purpose  to  give  an  account  of  some 
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of  the  most  prominent  of  the  equations  or  inequalities  thence  arising, 
several  of  which  are  of  high  historical  interest,  as  haying  become 
known  by  observation  previous  to  the  discovery  of  their  theoretical 
causes,  and  as  having,  by  their  successive  explanations  from  the 
theory  of  gravitation,  removed  what  were  in  some  instances  re- 
garded as  formidable  objections  against  that  theory,  and  afforded 
in  all  most  satisfactory  and  triumphant  verifications  of  it. 

(703.)  We  shall  begin  with  those  which  compensate  themselves 
in  a  synodic  revolution  of  the  disturbed  and  disturbing  body,  and 
which  are  independent  of  any  permanent  excentricity  of  either 
orbit,  going  through  their  changes  and  effecting  theirj'  compensa- 
tions in  orbits  slightly  elliptic,  almost  precisely  as  if  they  were 
circular.  These  inequalities  result,  in  fact,  from  a  circulation  of 
the  true  upper  focus  of  the  disturbed  ellipse  about  its  mean  place 
in  a  curve  whose  form  and  magnitude,  the  principles  laid  down  in 
the  last  chapter  enable  us  to  assign  in  any  proposed  case.  If  the 
disturbed  orbit  be  circular,  this  mean  place  coincides  with  its 
centre :  if  elliptic,  with  the  situation  of  its  upper  focus,  as  deter- 
mined from  the  principles  laid  down  in  the  last  chapter. 

(704.)  To  understand  the  nature  of  this  circulation,  we  must 
consider  the  joint  action  of  the  two  elements  of  the  disturbing  force. 
Suppose  H  to  be  the  place  of  the  upper  focus,  corresponding  to  any 
situation  P  of  the  disturbed  body,  and  let  P  P'  be  an  infinitesimal 

Fig.  95. 


element  of  its  orbit,  described  in  an  instant  of  time.  Then  suppos- 
ing no  disturbing  force  to  act,  P  P'  will  be  a  portion  of  an  ellipse, 
having  H  for  its  focus,  equally  whether  the  point  P  or  P'  be  re« 
garded,  .  But  now  let  the  disturbing  forces  act  daring  the  instant 
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of  describing  P  P'.  Then  the  focus  H  will  shift  its  position  to  H' 
to  find  which  point  we  must  recollect,  1st,  What  is  demonstrated 
in  art.  671,  viz.  that  the  effect  of  the  normal  force  is  to  yary  the 
position  of  the  line  P'  H  so  as  to  make  the  angle  H  P  H'  equal  to 
double  the  variation  of  the  angle  of  tangency  due  to  the  action  of 
that  force,  without  altering  the  distance  P  H :  so  that  in  virtue  of 
the  normal  force  alone,  H  would  move  to  a  point  A,  along  the  line 
H  Q,  drawn  from  H  to  a  point  Q,  90^  in  advance  of  P,  (because 
S  H  being  exceedingly  small,  the  angle  P  H  Q  may  be  taken  as  a 
right  angle  when  P  S  Q  is  so,)  H  approaching  Q  if  the  normal  force 
act  outwards^  but  receding  from  Q  if  inwards.  And  similarly  the 
effect  of  the  tangential  force  (art.  670,)  is  to  vary  the  position  of 
H  in  the  direction  H  P  or  P  H,  according  as  the  force  retards  or 
accelerates  P's  motion.  To  find  H'  then  from  H  draw  HP,  H Q, 
to  P  and  to  a  point  of  P*s  orbit  90o  in  advance  of  P.  On  H  Q 
take  H  A,  the  motion  of  the  focus  due  to  the  normal  force,  and  on 
H  P  take  HA;  the  motion  due  to  the  tangential  force;  complete 
the  parallelogram  H  H',  and  its  diagonal  H  H'  will  be  the  element 
of  the  true  path  of  H  in  virtue  of  the  joint  action  of  both  forces. 

(705.)  The  most  conspicuous  case  in  the  planetary  system  to 
which  the  above  reasoning  i3  applicable,  is  that  of  the  moon  dis- 
turbed by  the  sun.  The  inequality  thus  arising  is  known  by  the 
name  of  the  moon^s  variation,  and  was  discovered  so  early  as 
about  the  year  975  by  the  Arabian  astronomer  Aboul  Wefa.*  Its 
magnitude  (or  the  extent  of  fluctuation  to  and  fro  in  the  moon's 
longitude  which  it  produces)  is  considerable,  being  no  less  than 
1^  4',  and  it  is  otherwise  interesting  as  being  the  first  inequality 
produced  by  perturbation,  which  Newton  succeeded  in  explaining 
by  the  theory  of  gravity.  A  good  general  idea  of  its  nature  may 
be  formed  by  considering  the  direct  action  of  the  disturbing  forces 
on  the  moon,  supposed  to  move  in  a  circular  orbit.  In  such  an 
orbit  undisturbed,  the  velocity  would  be  uniform ;  but  the  tan- 
gential force  acting  to  accelerate  her  motion  through  the  quadrants 
preceding  her  conjunction  and  opposition,  and  to  retard  it  through 
the  alternate  quadrants,  it  is  evident  that  the  velocity  will  have 
two  maxima  and  two  minima,  the  former  at  the  syzygies,  the  latter 
at  the  quadratures.     Hence  at  the  syzygies  the  velocity  will  ex- 

*  SediJIot,  NooTalles  Recheiches  poor  aenrir  ^  THistoire  de  rAstronomio  chez  let 
Arabes. 


482  OUTIilNBB  OF  ASXBOKOBCT. 

ceed  that  which  correspoDds  to  a  circular  orbit,  and  at  quadratures 
will  fall  short  of  it.  The  true  orbit  will  therefore  be  less  curved 
or  more  flatteued  than  a  circle  in  syzygiesy  and  more  curved  (t.  e. 
protuberant  beyond  a  circle)  in  quadratures.  This  would  be  the 
case  even  were  the  normal  force  not  to  act.  But  the  action  of 
that  force  increases  the  effect  in  question,  for  at  the  syzygies,  and 
as  far  as  64°  14'  on  either  side  of  them,  it  acts  outwards,  or  in 
counteraction  of  the  earth's  attraction,  and  thereby  prevents  the 
orbit  from  being  so  much  curved  as  it  otherwise  would  be ;  while 
at  quadratures,  and  for  25°  46'  on  either  side  of  them,  it  acts  in* 
wards,  aiding  the  earth's  attraction,  and  rendering  that  portion  of 
the  orbit  more  curved  than  it  otherwise  would  be.  Thus  the  joint 
action  of  both  forces  distorts  the  orbit  from  a  circle  into  a  flattened 
or  elliptic  form,  having  the  longer  axis  in  quadratures,  and  the 
shorter  in  syzygies ;  and  in  this  orbit  the  moon  moves  faster  than 
with  her  mean  velocity  at  syzygy  (s.  e.  where  she  is  nearest  the 
earth)  and  slower  at  quadratures  where  farthest.  Her  angular 
motion  about  the  earth  is  therefore  for  both  reasons  greater  in  the 
former  than  in  the  latter  situation.  Hence  at  syzygy  her  true 
longitude  seen  from  the  earth  will  be  in  the  act  of  gaining  on  her 
mean, — in  quadratures  of  losing,  and  at  some  intermediate  points 
(not  vei[y  remote  from  the  octants)  will  neither  be  gaining  nor 
losing.  But  at  these  points,  having  been  gaining  or  losing  through 
the  whole  previous  90^,  the  amount  of  gain  or  loss  will  have 
attained  its  maximum.  Consequently  at  the  octants  the  true  lon- 
gitude will  deviate  most  from  the  mean  in  excess  and  defect,  and 
the  inequality  in  question  is  therefore  nil  at  syzygies  and  quadra- 
tures, and  attains  its  maxima  in  advance  or  retardation  at  the 
octants,  which  is  agreeable  to  observation. 

(706.)  Let  us,  however,  now  see  what  account  can  be  rendered 
of  this  inequality  by  the  simultaneous  variations  of  the  axis  and 
excentricity  as  above  explained.  The  tangential  force,  as  will  be 
recollected,  is  nil  at  syzygies  and  quadratures,  and  a»maximum  at 
the  octants,  accelerative  in  the  quadrants  £  A  and  D  B,  and  retard* 
ing  in  A  D  and  B  E.  In  the  two  former  then  the  axis  is  in  pro* 
cess  of  lengthening ;  in  the  two  latter,  shortening.  On  the  other 
hand  the  normal  force  vanishes  at  (a,  6,  d^  e)  64^  14'  from  the 
syzygies.  It  acts  outwards  over  e  A  a,  fr  B  (/,  and  inwards  over 
aDb  and  dKe.    In  virtue  of  the  tangential  force,  then,  the  poiat 
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H  moves  towards  P  when  P  is  in  A  D,  B  E,  and  from  it  when  in 
D  By  E  A,  the  motion  being  nil  when  at  A,  B,  D,  E,  and  most 
rapid  when  at  the  octant  D,  at  whioh  points^  therefore,  (so  /ar  as 
this  force  is  concerned,)  the  focus  H  would  have  its  mean  situa- 
tion.   And  in  virtue  of  the  normal  focus,  the  motion  of  H  in  the 


direction  of  H  Q  will  be  at  its  maximum  of  rapidity  towards  Q  at 
A,  or  B,  from  Q  at  D  or  E,  and  nil  at  a,  i,  d^  e.  It  will  assist  us 
in  following  out  these  indications  to  obtain  a  notion  of  the  form  of 
the  curve  really  described  by  H,  if  we  trace  separately  the  paths 
which  H  would  pursue  in  virtue  of  either  motion  separately,  since 
its  true  motion  will  necessarily  result  from  the  superposition  of 
these  partial  motions,  because  at  every  instant  they  are  at  right 
angles  to  each  other,  and  therefore  cannot  interfere.  First,  then, 
it  is  evident,  from  what  we  have  said  of  the  tangential  force,  that 
when  P  is  at  A,  H  is  for  an  instant  at  rest,  but  that  as  P  removes 
from  A  towards  D,  H  continually  approaches  P  along  their  line  of 
junction  H  P,  which  is,  therefore,  at  each  instant  a  tangent  to  the 
path  of  H.  When  P  is  in  the  octant,  H  is  at  its  mean  distance 
from  P  (equal  to  P  S),  and  is  then  in  the  act  of  approaching  P 
most  rapidly.  From  thence  to  the  quadrature  D  the  movement  of 
H  towards  P  decreases  in  rapidity  till  the  quadrature  is  attained, 
when  H  rests  for  an  instant,  and  then  begins  to  reverse  its  motion, 
and  traveiyrom  P  at  the  same  rate  of  progress  as  before  towards 
it.     Thus  it  is  clear  that,  in  virtue  of  the  tangential  force  alone,  H 

28 
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would  describe  a  four-cusped  curve  a,  d,  6,  e^  its  direction  of  mo* 
tion  round  S  in  this  curve  being  opposite  to  that  of  P,  so  that  A 
and  a,  D  and  dy  B  and  6,  £  and  6,  shall  be  corresponding  points. 
(707,)  Next  as  regards  the  normal  force.  When  the  moon  is 
at  A  the  motion  of  H  is  towards  D,  and  is  at  its  maximum  df  ra- 


A 

pidity,  but  slackens  as  P  proceeds  towards  D  and  as  Q  proceeds 
towards  B.  To  the  curve  described,  H  Q  will  be  always  a  tan- 
gent, and  since  at  the  neutral  point  of  the  normal  force  (or  when 
P  is  64°  14'  from  A,  and  Q  64°  14'  from  D),  the  motion  of  H 
is  for  an  instant  nil  and  is  then  reversed,  the  curve  will  hsCve  a 
cusp  at  I  corresponding,  and  H  will  then  begin  to  travel  along  the 
arc  I  m,  while  P  describes  the  corresponding  arc  from  neutral 
point  to  neutral  point  through  D.  Arrived  at  the  neutral  point 
between  D  and  B,  the  motion  of  H  along  QH  will  be  again  ar- 
rested and  reversed,  giving  rise  to  another  cusp  at  m,  and  so  on. 
Thus,  in  virtue  of  the  normal  force  acting  alone,  the  path  of  H 
would  be  the  four-cusped,  elongated  curve  I  m  n  Oy  described 
with  a  motion  round  S  the  reverse  of  P's,  and  having  a,  J,  &,  e  for 
points  Corresponding  to  A,  B,  D,  E,  places  of  P. 

(708.)  Nothing  is  now  easier  than  to  superpose  these  motions. 
Supposing  Hi,  H2  to  be  the  points  in  either  curve  corresponding 
to  P,  we  have  nothing  to  do  but  to  set  from  off  S,  S/i  equal  and 
parallel  to  S  Hi  in  the  one  curve  and  from  A,  A  H  equal  and  pa- 
rallel to  S  H2  in  the  other.    Let  this  be  done  for  every  corre* 


»>> 
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sponding  point  in  the  two  curves,  and  there  results  an  oval  curve 
a  dbCj  having  for  its  semiaxes  Sa=Sai+Sa2  ;  and  Sd=Srfi  + 
Sd^.  And  this  will  be  the  true  path  of  the  upper  focus,  the  points 
a,  d,  ft,  g,  corresponding  to  A,  D,  B,  E,  places  of  P.  And  from 
this  it  follows,  1st,  that  at  A,  B,  the  syzygies,  the  moon  is  in  peri«» 

Fig.  98. 


gee  in  her  momentary  ellipse,  the  lower  focus  being  nearer  than 
the  upper;  2dly,  That  in  quadratures  D,  £,  the  moon  is  in  apo- 
gee in  her  then  momentary  ellipse,  the  upper  focus  being  then 
nearer  than  the  lower.  3dly,  That  H  revolves  in  the  oval  adb  e 
the  contrary  way  to  P  in  its  orbit,  making  a  complete  revolution 
from  syzygy  to  syzygy  in  one  synodic  revolution  of  the  moon. 

(709.)  Taking  1  for  the  moon's  mean  distance  from  the  earth, 
suppose  we  represent  Sa^  or  Sd^  (for  they  are  equal)  by  2a,  Sa,  by 
2ft,  and  Sd^  by  2c,  then  will  the  semiaxes  of  the  oval  a  dbe^Sa 
and  Sd  be  respectively  2a+26  and  2a+2c,  so  that  the  excentrici- 
ties  of  the  momentary  ellipses  at  A  and  D  will  be  respectively 
a+ft  and  a-Hc.  The  total  amount  of  the  effect  of  the  tangential 
force  on  the  axisy  in  passing  from  syzygy  to  quadrature,  will  evi- 
dently be  equal  to  the  length  of  the  curvilinear  arc  a,  d^  (Jig,  art. 
708),  which  is  necessarily  less  than  Sflj+Srf,  or  4a.  Therefore 
the  total  effect  on  the  semiaxis  or  distance  of  the  moon  is  less  than 
2a,  and  the  excess  and  defect  of  the  greatest  and  least  values  of 
this  distance  thus  varied  above  and  below  the  mean  value  S  A=l 
(which  call  a)  will  be  less  than  a.  The  moon  then  is  moving  at 
A  in  the  perigee  of  an  ellipse  whose  semiaxis  is  1+cb  and  ex- 
centricity  a+ft,  so  that  its  actual  distance  from  the  earth  there  is 
l+ar— o-^,  which  (because  0^  is  less  than  a)  is  less  than  1 — ft. 
Again,  at  D  it  is  moving  in  apogee  of  an  ellipse  whose  semiaxis 
is  1 — »  and  excentncity  a+c^  so  that  its  distance  then  from  the 


436  OUTLINES  OF  ASTRONOMY. 


earth  is  1 — a+a-Hc,  which  (a  being  greater  than  a.)  is  greater  than 
1+c,  the  latter  distance  exceeding  the  former  by  2a — 2a,+4-K, 

(710.)  Let  us  next  consider  the  corresponding  changes  induced 
upon  the  angular  velocity.  Now  it  is  a  law  of  elliptic  motion  that 
at  different  points  of  different  ellipses,  each  differing  very  little 
from  a  circle,  the  angular  velocities  are  to  each  other  as  the  square 
roots  of  the  semiaxes  directly,  and  as  the  squares  of  the  distances 
inversely.  In  this  case  the  semiaxes  at  A  and  D  are  to  each  other 
as  1+0/  to  1 — a,,  or  as  1  :  1 — 2a/,  so  that  their  square  roots  are  to 
each  other  as  1  :  1 — a,.  Again,  the  distances  being  to  each  other 
as  l+cu — a — b  :  1— •ori-a+c,  the  inverse  ratio  of  their  squares 
(since  o/,  a,  i,  c,  are  all  very  small  quantities)  is  that  of  1 — 2w+2a 
+2c  :  l+2<v— 2a— 26,  or  as  1  :  1— 4ar— 4a— 26_2c.  The  An- 
gular velocities  then  are  to  each  other  in  a  ratio  compounded  of 
these  two  proportions,  that  is  in  the  ratio  of 

1  :  i+ai^_4a_26— 2c, 
which  is  evidently  that  of  a  greater  to  a  less  quantity.    It  is  obvi- 
ous also,  from  the  constitution  of  the  second  term  of  this  ratio,  that 
the  normal  force  is  far  more  influential  in  producing  this  result 
than  the  tangential. 

(711.)  In  the  foregoing  reasoning  the  sun  has  been  regarded  as 
fixed.  Let  us  now  suppose  it  in  motion  (in  a  circular  orbit),  then 
it  is  evident  that  at  equal  angles  of  elongation  (of  P  from  M  seen 
from  S),  equal  disturbing  forces,  both  tangential  and  normal,  will 
act:  only  the  syzygies  and  quadratures,  ai^  well  as  the  neutral 
points  of  the  normal  force,  instead  of  being  points  fixed  in  longi- 
tude on  the  orbit  of  the  moon,  will  advance  on  that  orbit  with  a 
uniform  angular  motion  equal  to  the  angular  motion  of  thQ  sun. 
The  cuspidated  curves  a^  d^  b^  e^  and  a^  d^b^  ^21  fs^  art.  708,  will, 
therefore,  no  longer  be  re-entering  curves;  but  each  will  have  its 
cusps  screwed  round  as  it  were  in  the  direction  of  the  sun's  mo- 
tion, so  as  to  increase  the  angles  between  them  in  the  ratio  of  the 
synodical  to  the  sidereal  revolution  of  the  moon  (art.  418).  And 
if,  in  like  manner,  the  motions  in  these  two  curves,  thus  separately 
described  by  H,  be  compounded,  the  resulting  curve,  though  still 
(loosely  speaking)  a  species  of  oval,  will  not  return  into  itself,  but 
will  make  successive  spiroidal  convolutions  about  S,  its  farthest 
and  nearest  points  being  in  the  same  ratio  more  than  90^  asunder. 
And  to  this  movement  that  of  the  moon  herself  will  conform,  de* 
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scribing  a  species  of  elliptic  spiroici,  having  its  least  distances 
always  in  the  line  of  sjzygies  and  its  greatest  in  that  of  quadra- 
tures. It  is  evident  also,  that,  owing  to  the  longer  continued  ac- 
tion of  both  forces,  i.  e,  owing  to  the  greater  arc  over  which  their 
intensities  increase  and  decrease  by  equal  steps,  the  branches  of 
each  curve  between  the  cusps  will  be  no  longer,  and  the  cusps 
themselves  will  be  more  remote  from  S,  and  in  the  same  degree 
will  the  dimensions  of  the  resulting  oval  be  enlarged,  and  with 
them  the  amount  of  the  inequality  in  the  moon's  motion  which 
they  represent. 

(712.)  In  the  above  reasoning  the  sun's  distance  is  supposed  so 
great,  that  the  disturbing  forces  in  the  semi-orbit  nearer  to  it  shall 
not  sensibly  differ  from  those  in  the  more  remote.  The  sun,  how- 
ever, is  actually  nearer  to  the  moon  in  conjunction  than  in  oppo- 
sition by  about  one  two-hundredth  part  of  its  whole  distance,  and 
this  suflBces  to  give  rise  to  a  very  sensible  inequality  (called  the 
parallactic  inequality\  in  the  lunar  motions,  amounting  to  about  2' 
in  its  effect  on  the  moon's  longitude,  and  having  for  its  period 
one  synodical  revolution  or  one  lunation.  As  this  inequality, 
though  subordinate  in  the  case  of  the  moon  to  the  great  inequality 
of  the  variation  with  which  it  stands  in  connexion,  becomes  a 
prominent  feature  in  the  system  of  inequalities  corresponding  to  it 
in  the  planetary  perturbations  (by  reason  of  the  very  great  varia- 
tions of  their  distances  from  conjunction  to  opposition),  it  will  be 

Fig.  99. 


necessary  to  indicate  what  modifications  this  consideration  will 
ntroduce  into  the  forms  of  our  focus  curves,  and  of  their  super- 
posed oval.     Recurring  then  to  our  figures  in  art.  706,  707,  and 
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supposing  the  .moon  to  set  out  from  E,  and  the  upper  focus,  in 
each  curve  from  e,  it  is  evident  that  the  intercuspidal  arcs  ea^adj 
in  the  one,  and  e  jo,  p  a  /,/(/,  m  the  other,  being  described  under 
the  influence  of  more  powerful  forces,  will  be  greater  than  the  arcs 
dbybej  and  d  nijmb  %n  e  corresponding  in  the  other  half  revo- 
lution. The  two  extremities  of  these  curves  then,  the  initial  and 
terminal  places  of  e  in  each,  will  not  meet,  and  the  same  conclu- 
sion will  hold  respecting  those  of  the  compounds  oval  in  which  the 
focus  really  revolves,  which  will,  therefore,  be  as  in  the  annexed 
figure.  Thus,  at  the  end  of  a  complete  lunation,  the  focus  will 
have  shifted  its  place  from  e  to  y*  in  a  line  parallel  to  the  line  of 
quadratures.  The  next  revolution,  and  the  next,  the  same  thing 
would  happen.  Meanwhile,  however,  the  sun  has  advanced  in 
its  orbit,  and  the  line  of  quadratures  has  changed  its  situation  by 
an  equal  angular  motion.  In  consequence,  the  next  terminal 
situation  (g)  of  the  forces  will  not  lie  in  the  line  ey*  prolonged,  but 
in  a  line  parallel  to  the  new  situation  of  the  line  of  quadratures, 
and  this  process  continuing,  will  evidently  give  rise  to  a  move- 
ment of  circulation  of  the  point  e,  round  a  mean  situation  in  an 
annual  period ;  and  this,  it  is  evident,  is  equivalent  to  an  annual 
circulation  of  the  central  point  of  the  compound  oval  itself,  in  a 
small  orbit  about  its  mean  position  S.  Thus  we  see  that  no  per- 
manent and  indefinite  increase  of  excentricity  can  arise  from  this 
cause;  which  would  be  the  case,  however,  but  for  the  annual 
motion  of  the  sun. 

(713.)  Inequalities  precisely  similar  in  principle  to  the  variation 
and  parallactic  inequality  of  the  moon,  though  greatly  modified  by 
the  difierent  relations  of  the  dimensions  of  the  orbits,  prevail  in 
all  cases  where  planet  disturbs  planet.  To  what  extent  this  modi- 
fication is  carried  will  be  evident,  if  we  cast  our  eyes  on  the  exam- 
ples given  in  art.  612,  where  it  will  be  seen  that  the  disturbing 
force  in  conjunction  often  exceeds  that  in  opposition  in  a  yery  high 
ratio,  (being  in  the  case  of  Neptune  disturbing  Uranus  more  than 
ten  times  as  great.)  The  effect  will  be,  that  the  orbit  described 
by  the  centre  of  the  compound  oval  about  S,  will  be  much  greater 
relatively  to  the  dimensions  of  that  oval  itself,  than  in  the  case  of 
the  moon.  Bearing  in  mind  the  nature  and  import  of  this  modifi- 
cation, we  may  proceed  to  inquire,  apart  from  it,  into  the  num- 
ber and  distribution  of  the  undulations   in  the  contour  of  the 
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OTal  itaelf  arising  from  the  alternations  of  direction  pltu  an4 
ffUnus  of  the  disturbing  forces  in  the  course  of  a  synodic  revo* 
lution.  But  first  it  should  be  mentioned  that,  in  the  case  of  an 
exterior  disturbed  by  an  interior  planet,  the  disturbing  body's 
angular  motion  exceeds  that  of  the  disturbed.  Hence  P,  though 
advancing  in  its  orbit,  recedes  relatively  to  the  line  of  syzygies,  or, 
which  comes  to  the  same  thing,  the  neutral  points  of  either  force 
overtake  it  in  succession,  and  each,  as  it  comes  up  to  it,  gives  rise 
to  a  cusp  in  the  correspondingyocus  curve.  The  angles  between 
the  successive  cusps  will  therefore  be  to  the  angles  between  the 
corresponding  neutral  points  for  a  fixed  position  of  M,  in  the  same 
constant  ratio  of  the  synodic  to  the  sidereal  period  of  P,  which 
however  is  now  a  ratio  of  less  inequality.  These  angles  then  will 
be  contracted  in  amplitude,  and,  for  the  same  reason  as  before, 
the  excursions  of  the  focus  will  be  diminished,  and  the  more  so 
the  shorter  the  synodic  revolution. 

(714.)  Since  the  cusps  of  either  curve  recfir,  in  successive 
synodic  revolutions  in  the  same  order,  and  at  the  same  angular 
distances  from  each  other,  and  from  the  line  of  conjunction,  the 
same  will  be  true  of  all  the  corresponding  points  in  the  curve 
resulting  from  their  superposition.  In  that  curve,  every  cusp,  of 
either  constituent,  will  give  rise  to  a  convexity,  and  every  inter- 
cuspidal  arc  to  a  relative  concavity.  It  is  evident  then  that  the 
compound  curve  or  true  path  of  the  focus  so  resulting,  but  for  the 
cause  above  mentioned,  would  return  into  itself,  whenever  the 
periodic  times  of  the  disturbing  and  disturbed  bodies  are  commen- 

Fig.  100. 


surate,  because  in  that  case  the  synodic  period  will  also  be  com- 
mensurate with  either,  and  the  arc  of  longitude  intercepted  between 
the  sidereal  place  of  any  one  conjunction,  and  the  next  following 
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it,  \7ill  be  an  aliquot  part  of  SGO^*.  In  all  other  cases  it  would  be 
a  non-reentering,  more  or  less  undulating  and  more  or  less  regular, 
spiroid,  according  to  the  number  of  cusps  in  each  of  the  constituent 
curves  (that  is  to  say,  according  to  the  number  of  neutral  points  or 
changes  of  direction  from  inwards  to  outwards,  or  from  accele- 
rating to  retarding,  and  vice  versd^  of  the  normal  and  tangential 
forces),  in  a  complete  synodic  revolution,  and  their  distribution 
over  the  circumference. 

(715.)  With  regard  to  these  changes,  it  is  necessary  to  dis- 
tinguish three  cases,  in  which  the  perturbations  of  planet  by  planet 
are  very  distinct  in  character.  1st.  When  the  disturbing  planet 
is  exterior.  In  this  case  there  are  four  neutral  points  of  either 
force.  Those  of  the  tangential  force  occur  at  the  syzygies,  and  at  the 
points  of  the  disturbed  orbit  (which  we  shall  call  points  of  equidis- 
tance), equidistant  from  the  sun  and  the  disturbing  planet  (at 
which  points,  as  we  have  shown  (art.  614),  the  total  disturbing 
force  is  always  directed  inwards  towards  the  sun).  Those  of  the 
normal  force  occur  at  points  intermediate  between  these  last  men- 
tioned points,  and  the  syzygies,  which,  if  the  disturbing  planet  be 
very  distant,  hold  nearly  the  situation  they  do  in  the  lunar  theoiy, 
i.  e.  considerably  nearer  the  quadratures  than  the  syzygies.  In 
proportion  as  the  distance  of  the  disturbing  planet  diminishes,  two 
of  these  points,  viz.  those  nearest  the  sjzygy,  approach  to  each 
other,  and  to  the  syzygy,  and  in  the  extreme  case,  when  the 
dimensions  of  the  orbits  are  equal,  coincide  with  it. 

(716.)  The  second  case  is  that  in  which  the  disturbing  planet  is 
interior  to  the  disturbed,  but  at  a  distance  from  the  sun  greater 
than  half  that  of  the  latter.  In  this  case  there  are  four  neutral 
points  of  the  tangential  force,  and  only  two  of  the  normal.  Those 
of  the  tangential  force  occur  at  the  syzygies,  and  at  the  pomts  of 
equidistance.  The  force  retards  the  disturbed  body  from  conjunc- 
tion to  the  first  such  points  after  conjunction,  accelerates  it  thence 
to  the  opposition,  thence  again  retards  it  to  the  next  point  of 
equidistance,  and  finally  agam  accelerates  it  up  to  the  conjunction. 
As  the  disturbing  orbit  contracts  in  dimension  the  points  of  equi- 
distance approach ;  their  distance  from  syzygy  from  60^  (the  ex- 
treme case)  diminishing  to  nothing,  when  they  coincide  with  each 
other,  and  with  the  conjunction.  In  the  case  of  Saturn  disturbed 
by  Jupiter,  that  distance  is  only  23°  33'.     The  neutral  points  of 
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the  normal  force  lie  somewhat  beyond  the  quadratures,  on  the  side 
of  the  opposition,  and  do  not  undergo  any  very  material  change 
of  situation  with  the  contraction  of  the  disturbing  orbit. 

(717.)  The  third  case  is  that  in  which  the  diameter  of  the  dis- 
turbing interior  orbit  is  less  than  half  that  of  the  disturbed.  In 
this  case  there  are  only  two  points  of  evanescence  for  either 
force.  Those  of  the  tangential  force  are  the  syzygies.  The  dis- 
turbed planet  is  accelerated  throughout  the  whole  semi-revolution 
from  conjunction  to  opposition,  and  retarded  from  opposition  to 
conjunction,  the  maxima  of  acceleration  and  retardation  occurring 
not  far  from  quadrature.  The  neutral  points  of  the  normal  force 
are  situated  nearly  as  in  the  last  case ;  that  is  to  say,  beyond  the 
quadratures  towards  the  opposition.  All  these  varieties  the  student 
will  easily  trace  out  by  simply  drawing  the  figures,  and  resolving 
the  forces  in  a  series  of  cases,  beginning  with  a  very  large  and 
ending  with  a  very  small  diameter  of  the  disturbing  orbit.  It  will 
greatly  aid  him  in  impressing  on  his  imagination  the  general 
relations  of  the  subject,  if  he  construct,  as  he  proceeds,  for  each 


case,  the  elegant  and  symmetrical  ovals  in  which  the  points  N  and 
L  {Jig.  art.  675,)  always  lie,  for  a  fixed  position  of  M,  and  of 
which  the  annexed  figure  expresses  the  forms  they  respectively 
assume  in  the  third  case  now  under  consderation.  The  second 
only  diflers  from  this,  in  having  the  common  vortex  m  of  both 
ovals  outside  of  the  disturbed  orbit  A  P,  while  in  the  case  of  an 
exterior  disturbing  planet  the  oval  m  L  assumes  a  four-lobed  form  ; 
its  lobes  respectively  touching  the  oval  wi  N  in  its  vertices,  and 
cutting  the  orbit  A  P  in  the  points  of  equidistance  and  of  tangency, 
(t.  e.  where  M  P  S  is  a  right  angle)  as  in  this  figure. 
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(718.)  It  would  be  easy  now,  bearing  these  features  in  mind^to 
trace  in  any  proposed  case  the  form  of  the  sptroid  curve,  described^ 
as  above  explained,  by  the  upper  focus.  It  will  suffice,  however, 
for  our  present  purpose  to  remark,  1st,  That  between  every  two 
successive  conjunctions  of  P  and  M  the  same  general  form,  the 
same  subordinate  undulations,  and  the  same  terminal  displacement 
of  the  upper  focus  are  continually  repeated.  2dly,  That  the 
motion  of  the  focus  in  this  curve  is  retrograde  whenever  the  dis- 
turbing planet  is  exterior,  and  that  in  consequence  the  apsides  of 
the  momentary  ellipse  also  recede,  with  a  mean  velocity  such  as, 
but  for  that  displacement,  would  bring  them  round  at  each  con* 
junction  to  the  same  relative  situation  with  respect  to  the  line  of 
syzygies.  3dly,  That  in  consequence  of  this  retrograde  movement 
of  the  apse,  the  disturbed  planet,  apart  from  that  consideration, 
would  be  twice  in  perihelio  and  twice  in  aphelio  in  its  momentary 
ellipse  in  each  synodic  revolution,  just  as  in  the  case  of  the  moon 
disturbed  by  the  sun — and  that  in  consequence  of  this  and  of  the 
undulating  movement  of  the  focus  H  itself,  an  inequality  will  arise, 
analogous,  mutatis  mutandis  in  each  case,  to  the  moon's  variation, 
under  which  term  we  comprehend  (not  exactly  in  conformity  to 
its  strict  technical  meaning  in  the  lunar  theory)  not  only  the  princi- 
pal inequality  thus  arising,  but  all  its  subordinate  fluctuations. 
And  on  this  the  parallactic  inequality  thus  violently  exaggerated 
is  superposed. 

(719.)  We  come  now  to  the  class  of  inequalities  which  depend 
for  their  existence  on  an  appreciable  amount  of  permanent  excen- 
tricity  in  the  orbit  of  one  or  of  both  the  disturbing  and  disturbed 
planets,  in  consequence  of  which  all  their  conjunctions  do  not 
take  place  at  equal  distances  either  from  the  central  body  or  from 
each  other,  and  theerfore  that  symmetry  in  every  synodic  revolu- 
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tion  on  which  depends  the  exact  restoration  of  both  the  axis  and 
excentricity  to  their  original  values  at  the  completion  of  each  such 
reyolution  no  longer  subsists.  In  passing  from  conjunction  to  con- 
junction, then,  there  will  no  lopger  be  eflected  either  a  complete 
restoration  of  the  upper  focus  to  the  same  i^elative  situation,  or  of 
the  axis  to  the  same  length  which  they  respectively  had  at  the  out- 
set. At  the  same  time  it  is  not  less  evident  that  the  diiTerences  in 
both  respects  are  only  what  remain  outstanding  after  the  compen- 
sation of  by  far  the  greater  part  of  the  deviations  to  and  fro  from 
a  mean  state  which  occur  in  the  course  of  the  revolution ;  and 
that  they  amounf  to  but  small  fractions  of  the  total  excursions  of 
the  focus  from  its  first  position,  or  of  the  increase  and  decrease  in 
the  length  of  the  axis  effected  by  the  direct  action  of  the  tangen- 
tial force, — so  small,  indeed,  that,  unless  owing  to  peculiar  adjust- 
ments they  be  enabled  to  accumulate  again  and  again  at  successive 
conjunctions  in  the  same  direction,  they  would  be  altogether  unde- 
serving of  any  especial  notice  in  a  work  of  this  nature.  Such 
adjustments,  however,  would  evidently  exist  if  the  periodic  times 
of  the  planets  were  exactly  commensurable  ;  since  in  that  case  all 
the  possible  conjunctions  which  could  ever  happen  (the  elements 
not  being  materially  changed)  would  take  place  at  fixed  points  in 
longitude,  the  intermediate  points  being  never  visited  by  a  con- 
junction. Now,  of  the  conjunctions  thus  distributed,  their  rela- 
tions to  the  lines  of  symmetry  in  the  orbits  being  all  dissimilar, 
some  one  must  be  more  influential  than  the  rest  on  each  of  the 
elements  (not  necessarily  the  same  upon  all).  Consequently,  in  a 
complete  cycle  of  conjunctions,  wherein  each  has  been  visited  in 
its  turn,  the  influence  of  that  one  on  the  element  to  which  it  stands 
so  especially  related  will  preponderate  over  the  counteracting  and 
compensating  influence  of  the  rest,  and  thus,  although  in  such  a 
cycle  as  above  specified,  a  further  and  much  more  exact  compen- 
sation will  have  been  efiected  in  its  value  than  in  a  single  revolu- 
tion ;  still  that  compensation  will  not  be  complete,  but  a  portion 
of  the  efiect  (be  it  to  increase  or  to  diminish  the  excentricity  or  the 
axis,  or  to  cause  the  apse  to  advance  or  to  recede,)  will  remain 
outstanding.  In  the  next  cycle  of  the  same  kind  this  will  be 
repeated,  and  the  result  will  be  of  the  same  character,  and  so  on, 
till  at  length  a  sensible  and  ultimately  a  large  amount  of  change 
shall  have  taken  place,  and  in  fact  until  the  axis  (and  with  it  the 
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mean  motion)  shall  have  so  altered  as  to  destroy  the  commensura- 
bility  of  periods,  and  the  apsides  have  so  shifted  as  to  alter  the 
place  of  the  most  influential  conjunction. 

(720.)  Now,  although  it  is  true  that  the  mean  motions  of  no 
two  planets  are  exactly  commensurate,  yet  cases  are  not  wanting 
in  which  there  exists  an  approach  to  this  adjustment.  For  instance, 
in  the  case  of  Jupiter  and  Saturn,  a  cycle  composed  of  five  periods 
of  Jupiter  and  two  of  Saturn,  although  it  does  not  exactly  bring 
about  the  same  configuration,  does  so  pretty  nearly.  Five  periods 
of  Jupiter  are  21663  days,  and  two  periods  of  Saturn,  21519 
days.  The  diflerence  is  only  146  days,  in  which  Jupiter  describes, 
on  an  average,  12^,  and  Saturn  about  b° ;  so  that  after  the  lapse 
of  the  former  interval  they  will  only  be  7°  from  a  conjunction  in 
the  same  parts  of  their  orbits  as  before.  If  we  calculate  the  time 
which  will  exactly  bring  about,  on  the  average,  three  conjunctions 
of  the  two  planets,  we  shall  find  it  to  be  21760  days,  their  synodi- 
cal  period  being  7253*4  days.  In  this  interval  Saturn  will  have 
described  8°  6'  in  excess  of  two  sidereal  revolutions,  and  Jupiter 
ihe  satne  angle  in  excess  of  five.  Every  third  conjunction,  then, 
will  take  place  8^  6'  in  advance  of  the  preceding,  which  is  near 
enough  to  establish,  not,  it  is  true,  an  identity  with,  but  still  a 
gr^at  approach  to  the  case  in  question.  The  excess  of  action,  for 
several  such  triple  conjunctions  (7  or  8)  in  succession,  will  lie  the 
same  way,  and  at  each  of  them  the  elements  of  P's  orbit  and  its 
angular  motion  will  be  similarly  influenced,  so  as  to  accumulate 
the  effect  upon  its  longitude ;  thus  giving  rise  to  an  irregularity  of 
considerable  magnitude  and  very  long  period,  which  is  well  known 
to  astronomers  by  the  name  of  the  great  inequality  of  Jupiter  and 
Saturn. 

(721.)  The  arc  8®  6'  is  contained  44$  times  in  the  whole  cir- 
cumference of  360°;  and,  accordingly,  if  we  trace  round  this 
particular  conjunction,  we  shall  find  it  will  return  to  the  same 
point  of  the  orbit  in  so  many  times  21760  days,  or  in  2648  years. 
But  the  conjunction  we  are  now  considering  is  only  one  out  of 
three.  The  other  two  will  happen  at  points  of  the  orbit  about  123^ 
and  246^  distant,  and  these  points  also  will  advance  by  the  same 
arc  of  8^  6'  in  21760  days.  Consequently  the  period  of  2648 
years  will  bring  them  all  round,  and  in  that  interval  each  of  them 
will  pass  through  that  point  of  the  two  orbits  from  which  we  com- 
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menced  :  hence  a  conjunction  (one  or  other  of  the  three)  ivill  hap- 
pen at  that  point  once  in  one  third  of  this  period,  or  in  883  years ; 
and  this  is,  therefore,  the  cycle  in  which  the  <<  great  inequality" 
would  undergo  its  full  compensation,  did  the  elements  of  the  orbits 
continue  all  that  time  invariable.  Their  variation,  however,  is  con- 
siderable i^  so  long  an  interval ;  and,  owing  to  this  cause,  the 
period  itself  is  prolonged  to  about  918  years. 

(722.)  We  have  selected  this  inequality  as  the  most  remarkable 
instance  of  this  kind  of  action  on  account  of  its  magnitude,  the 
length  of  its  period,  and  its  high  historical  interest.  It  had  long 
been  remarked  by  astronomers,  that  on  comparing  together  modern 
with  ancient  observations  of  Jupiter  and  Saturn,  the  mean  motions 
of  these  planets  did  not  appear  to  be  uniform.  The  period  of 
Saturn,  for  instance,  appearedi  to  have  been  lengthening  through- 
out the  whole  of  the  seventeenth  century,  and  that  of  Jupiter 
shortening — that  is  to  say,  the  one  planet  was  constantly  lagging 
behind,  and  the  other  getting  in  advance  of  its  calculated  place. 
On  the  other  hand,  in  the  eighteenth  century,  a  process  precisely 
the  reverse  seemed  to  be  going  on.  It  is  true  the  whole  retarda- 
tions and  accelerations  observed  were  not  very  great ;  but,  as  their 
influence  went  on  accumulating,  they  produced,  at  length,  material 
dififerences  between  the  observed  and  calculated  places  of  both 
these  planets,  which  as  they  could  not  then  be  accounted  for  >by 
any  theory,  excited  a  high  degree  of  attention,  and  were  even,  at 
one  time,  too  hastily  regarded  as  almost  subversive  of  the  New- 
tonian doctrine  of  gravity.  For  a  long  while  this  difierencc  baffled 
every  endeavour  to  account  for  it ;  till  at  length  Laplace  pointed 
out  its  cause  in  the  near  commensurality  of  the  mean  motions, 
as  above  shown,  and  succeeded  in  calculating  its  period  and 
amount. 

(723.)  The  inequality  in  question  amounts,  at  its  maximum,  to 
an  alternate  gain  and  loss  of  about  0^  49^  in  the  longitude  of  Sa- 
turn, and  a  corresponding  loss  and  gain  of  about  0°  21'  in  that  of 
Jupiter.  That  an  acceleration  in  the  one  planet  must  necessarily 
be  accompanied  by  a  retardation  in  the  other,  might  appear  at 
first  sight  self-evident,  if  we  consider,  that  action  and  reaction 
being  equal,  and  in  contrary  directions,  whatever  momentum 
Jupiter  communicates  to  Saturn  in  the  direction  P  M,  the  same 
momentum  must  Saturn  communicate  to  Jupiter  in  the  direction 
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M  P.    The  one,  therefore,  it  might  seem  to  be  plausibly  argued, 
'will  be  dragged  forward,  whenever  the  other  is  pulled  back  in  its 
orbit.     The  inference  is  correct,  so  far  as  the  general  and  final 
result  goes;   but  the  reasoning  by  which  it  would,  on  the  first 
glance,  appear  to  be  thus  summarily  established  is  fallacious,  or  at 
least  incomplete.     It  is  perfectly  true  that  whatever  momentum 
Jupiter  communicates  directly  to  Saturn,  Saturn  communicates  an 
equal  momentum  to  Jupiter  in  an  opposite  linear  direction.    But 
it  is  not  with  the  absolute  motions  of  the  two  planets  in -space  that 
we  are  now  concerned,  but  with  the  relative  motion  of  each  sepa- 
rately, with  respect  to  the  sun  regarded  as  at  rest.  The  perlurbative 
forces  (the  forces  which  disturb  these  relative  motions)  do  not  act 
along  the  line  of  junction  of  the  planets  (art.  614).  In  the  reason- 
ing thus  objected  to,  the  attraction  of  each  On  the  sun  has  been 
left  out  of  the  account,*  and  it  remains  to  be  shown  that  these 
attractions  neutralize  and  destroy  each  other's  effects  in  consider- 
able periods  of  time,  as  bearing  upon  the  result  in  question.    Sup- 
pose then  that  we  for  a  moment  abandon  the  point  of  view,  in 
which  we  have  hitherto  all  along  considered  the  subject,  and 
regard  the  sun  as  free  to  move,  and  liable  to  be  displaced  by  the 
attractions  of  the  two  planets.    Then  will  the  movements  of  all  be 
performed  a,bout  the  common  centre  of  gravity,  just  as  they  would 
have  been  about  the  sun's  centre  regarded  as  immovable,  the  sun 
all  the  while  circulating  in  a  small  orbit  (with  a  motion  com- 
pounded of  the  two  elliptic  motions  it  would  have  in  virtue  of 
their  separate  attractions)  about  the  same  centre.     Now  in  this 
case  M  still  disturbs  P,  and  P,  M,  but  the  whole  disturbing  force 
now  acts  along  their  line  of  junction,  and  since  it  remains  true 
that  whatever  momentum  M  generates  in  P,  P  will  generate  the 
same  in  M  in  a  contrary  direction ;  it  will  also  be  strictly  true  that, 
so  far  as  a  disturbance  of  their  elliptic  motions  about  the  common 
centre  of  gravity  of  the  system  is  alone  regarded^  whatever  disturb- 
ance of  velocity  is  generated  in  the  one,  a  contrary  disturbance 
of  velocity  (only  in  the  inverse  ratio  of  the  masses  and  modified, 
though  never  contradicted,  by  the  directions  in  which  they  are 

•  We  are  here  reading  a  Bort  of  recantation.  In  the  edition  of  1833  the  re- 
markabic  result  in  question  is  sought  to  be  established  by  this  vicious  reasoning. 
The  mistake  is  a  veiy  natural  one,  and  is  so  apt  to  haunt  the  ideas  of  begionen 
in  this  department  of  physics,  that  it  is  worth  while  expressly  to  warn  them 
against  it. 
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respectively  moving),  will  be  generated  in  the  other.  Now  when 
we  are  considering  only  inequalities  of  long  period  comprehend-* 
ing  many  complete  revolutions  of  both  planets,  and  which  arise 
from  changes  in  the  axes  of  the  orbits,  affecting  their  mean  motians^ 
it  matters  not  whether  we  suppose  these  motions  performed  about 
the  common  centre  of  gravity,  or  about  the  sun,  which  never 
departs  from  that  centre  to  any  material  extent  (the  mass  of  the 
suD  being  such  in  comparison  with  that  of  the  planets,  that  that 
centre  always  lies  within  his  surface).  The  mean  motion  there- 
fore, regarded  as  the  average  angular  velocity  during  a  revolution, 
is  the  same  whether  estimated  by  reference  to  the  sun's  centre,  or 
to  the  centre  of  gravity,  or,  in  other  words,  the  relative  mean 
motion  referred  to  the  sun  is  identical  with  the  absolute  mean 
motion  referred  to  the  centre  of  gravity. 

(724.)  This  reasoning  applies  equally  to  every  case  of  mutual 
disturbance  resulting  in  a  long  inequality  such  as  may  arise  from  a 
slow  and  long-continued  periodical  increase  and  diminution  of  the 
axes,  and  geometers  have  accordingly  demonstrated  as  a  conse- 
quence from  it,  that  the  proportion  in  which  such  inequalities  affect 
the  longitudes  of  the  two  planets  concerned,  or  the  maxima  of  the 
excesses  and  defects  of  their  longitudes  above  and  below  their 
elliptic  values,  thence  arising,  in  each,  are  to  each  other  in  the 
inverse  ratio  of  their  masses  multiplied  by  the  square  roots  of  the 
major  axes  of  their  orbits,  and  this  result  is  confirmed  by  observa- 
tion, and  will  be  found  verified  in  the  instance  immediately  in 
question  as  nearly  as  the  uncertainty  still  subsisting  as  to  the 
masses  of  the  two  planets  will  permit. 

(725.)  The  inequality  in  question,  as  has  been  observed  in 
general,  (art.  718,)  would  be  much  greater,  Fig.  103. 

were  it  not  for  the  partial  compensation 
which  is  operated  in  it  in  every  triple 
conjunction  of  the  planets.  Suppose  P  R  Q 
to  be  Saturn's  orbit,  and  p  qr  Jupiter's  ; 
and  suppose  a  conjunction  to  take  place 
at  P  p,  pn  the  line  S  A ;  a  second  at 
123^  distance,  on  the  line  S  B ;  ^  third 
at  246<'  distance,  on  S  C ;  and  the  next 
at  SeS"",  on  S  D.  This  last-mentioned 
conjunction,  taking    place  nearly  in  the  situation  of  the  first, 
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will  produce  nearly  &  repetition  of  the  first  effect  in  retarding 
or  s^ccelerating  the  planets;  but  the  other  two,  being  in  the 
most  remote  situations  possible  from  the  first,  will  happen  under 
entirely  different  circumstances  as  to  the  position  of  the  perihelia 
of  the  orbits.  Now,  we  have  seen  that  a  presentation  of  the  one 
planet  to  the  other  in  conjunction,  in  a  variety  of  situations,  tends 
to  produce  compensation;  and,  in  fact,  the  greatest  possible 
amount  of  compensation  which  can  be  produced  by  only  three 
conjunctions  is  when  they  are  thus  equally  distributed  round  the 
centre.  Hence  we  see  that  it  is  not  the  whole  amount  of  pertur- 
bation which  is  thus  accumulated  in  each  triple  conjunction,  but 
only  that  small  part  which  is  left  uncompensated  by  the  interme- 
diate ones.  The  reader,  who  possesses  already  some  acquaintance 
with  the  subject,  will  not  be  at  a  loss  to  perceive  how  this  consi- 
deration is,  in  fact,  equivalent  to  that  part  of  die  geometrical  inves- 
tigation of  this  inequality  which  leads  us  to  seek  its  expression  in 
terms  of  the  third  order,  or  involving  the  cubes  and  products  of 
three  dimensions  of  the  excentricities  and  inclinations ;  and  how 
the  continual  accumulation  of  small  quantities,  during  long  periods, 
corresponds  to  what  geometers  intend  when  they  speak  of  smaU 
terms  receiving  great  accessions  of  magnitude  by  the  introduction 
of  large  coefficients  in  the  process  of  integration. 

(726.)  Similar  considerations  apply  to  every  case  of  approximate 
commensurability  which  can  take  place  among  the  mean  motions 
of  any  two  planets.  Such,  for  instance,  is  that  which  obtains  be- 
tween the  mean  motion  of  the  earth  and  Venus,— 13  times  the 
period  of  Venus  being  very  nearly  equal  to  8  times  that  of  the 
earth.  This  gives  rise  to  an  extremely  near  coincidence  of 
every  fifth  conjunction,  in  the  same  parts  of  each  orbit  (within 
^IjfXh  part  of  a  circumference),  and  therefore  to  a  correspondmgly 
extensive  accumulation  of  the  resulting  uncompensated  perturba- 
tion. But,  on  the  other  hand,  the  part  of  the  perturbation  thus 
accumulated  is  only  that  which  remains  outstanding  after  passing 
the  equalizing  ordeal  of  five  conjunctions  equally  distributed  round 
the  circle;  or,  in  the  language  of  geometers,  is  dependent  on 
powers  and  products  of  the  excentricities  and  inclinations  of  the 
fifth  order.  It  is,  therefore,  extremely  minute,  and  the  whole  re- 
sulting inequality,  according  to  the  elaborate  calculations  of  Mr. 
Airy,  to  whom  it  owes  its  detection,  amounts  to  no  more  than  a 
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few  seconds  at  its  maximum,  while  its  period  is  no  less  than  240 
years.  This  example  will  serve  to  show  to  with  what  minuteness 
these  inquiries  have  been  carried  in  the  planetary  theory. 

(727.)  That  variations  of  long  period  arising  m  the  way  above 
described  are  necessarily  accompanied  by  similarly  periodical  dis- 
placements of  the  upper  focus,  equivalent  in  their  effect  to  perio- 
dical fluctuations  in  the  magnitude  of  the  excentricity,  and  in  the 
position  pf  the  line  of  apsides,  is  evident  from  what  has  been 
already  said  respecting  the  motion  of  the  upper  focus  under  the 
influence  of  the  disturbing  forces.  In  the  case  of  circular  orbits 
the  mean  place  of  H  coincides  with  S  the  centre  of  the  sun,  but  if 
the  orbits  have  any  independent  ellipticity,  this  coincidence  will 
no  longer  exist — and  the  fnean  place  of  the  upper  focus  will  come 
to  be  inferred  from  the  average  of  all  the  situations  which  it  actually 
holds  during  an  entire  revolution.  Now  the  fixity  of  this  point 
depends  on  the  equality  of  each  of  the  branches  of  the  cuspidated 
curves,  and  consequent  equality  of  excursion  of  the  focus  in  each 
particular  direction,  in  eveiy  successive  situation  of  the  line  of 
Gonjunctien.  But  if  there  be  some  one  line  of  conjunction  in 
which  these  excursions  are  greater  in  any  one  particular  direction 
than  in  another,  the  mean  place  of  the  focus  will  be  displaced, 
and  if  this  process  be  repeated,  that  mean  place  will  continue  to 
deviate  more  and  more  from  its  original  position,  and  thus  will 
arise  a  circulation  of  the  mean  place  qfthe  focus  for  a  revolution 
about  another  mean  situation,  the  average  of  all  the  former  mean 
places  during  a  complete  cycle  of  conjunctions.    Supposing  S  to 

rig.  104. 


be  the  4Un,  0  the  situation  the  upper  focus  would  have,  had  these 
inequalities  no  existence,  and  H  K  die  path  of  the  upper  focus, 
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which  it  pursues  about  O  by  reason  of  them,  then  it  is  evident 
that  in  the  course  of  a  complete  cycle  of  the  inequality  in  question, 
the  excentricity  will  have  fluctuated  between  the  extreme  limits 
iS  J  and  S  I  and  the  direction  of  the  longer  axis  between  the  ex- 
treme position  S  H  and  S  K,  and  that  if  we  suppose  ij  hk  to  be 
the  corresponding  mean  places  of  the  focus,  ij  will  be  the  extent 
of  the  fluctuation  of  the  mean  excentricity,  and  the  angle  hs  ky 
that  of  the  longitude  of  the  pengee. 

(728.)  The  periods  then  in  which  these  fluctuations  go  through 
their  phases  are  necessarily  equal  in  duration  with  that  of  the  in- 
equality in  longitude,  with  which  they  stand  in  connection.  But 
it  by  no  means,  follows  that  their  maxima  all  coincide.  The  varia- 
tion  of  the  axis  to  which  that  of  the  mean  motion  corresponds, 
depends  on  the  tangential  force  only  whose  maximum  is  not  at 
conjunction  or  opposition,  but  at  points  remote  from  either,  while 
the  excentricity  depends  both  on  the  normal  and  tangential  forces, 
the  maximum  of  the  former  of  which  is  at  the  conjunction.  That 
particular  conjunction  therefore,  which  is  most  influential  on  the 
axis,  is  not  so  on  the  excentricity,  so  that  it  can  by  no  means  be 
concluded  that  either  the  maximum  value  of  the  axis  coincides 
with  the  maximum,  or  the  minimum  of  the  excentricity,  or  with 
the  greatest  excursion  to  or  fro  of  the  line  of  apsides  from  its  mean 
situation,  all  .that  can  be  safely  asserted  is,  that  as,  either  the  axis 
or  the  excentricity  of  the  one  orbit  varies,  that  of  the  other  will 
vary  in  the  opposite  direction. 

(729.)  The  primary  elements  of  the  lunar  and  planetary  orbits, 
which  may  be  regarded  as  variable,  are  the  longitude  of  the  node, 
the  inclination,  the  axis,  excentricity,  longitude  of  the  perihelion, 
and  epoch  (art.  496).  In  the  foregoing  articles  we  have  shown  in 
what  manner  each  of  the  first  five  of  these  elements  are  made  to 
vary,  by  the  direct  action  of  the  perturbing  forces.  It  remains  to 
explain  in  what  manner  the  last  comes  to  be  afiected  by  them. 
And  here  it  is  necessary,  in  the  first  instance,  to  remove  some 
degree  of  obscurity  which  may  be  thought  to  hang  about  the  sense 
in  which  the  term  itself  is  to  be  understood  in  speaking  of  an  orbit, 
every  other  element  of  which  is  regarded  as  m  a  continual  state  of 
variation.  Supposing,  then,  that  we  were  to  reverse  the  process 
of  calculation  described  in  arts.  499  and  500,  by  which  a  planet's 
heliocentric  longitude  in  an  elliptic  orbit  is  computed  for  a  givea 
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time ;  and  setting  out  with  a  heliocentric  longitude  ascertained  by 
observation,  all  the  other  elements  being  known,  we  were  to  calcu- 
late either  what  mean  longitude  the  planet  had  at  a  given  epochal 
time,  or,  which  would  come  to  the  same  thing,  at  what  moment 
of  time  (thenceforward  to  be  assumed  as  an  epoch)  it  had  a  given 
mean  longitude.  It  is  evident  that  by  this  means  the  epoch,  if  not 
otherwise  known,,  would  become  known,  whether  we  consider  it 
as  the  moment  of  time  corresponding  to  a  convenient  mean  longi- 
tude, or  as  the  mean  longitude  corresponding  to  a  convenient  time. 
The  latter  way  of  considering  it  has  some  advantages  in  respect  of 
general  convenience,  and  astronomers  are  in  agreement  in  employ* 
ing,  as  an  element  under  the  title  «  Epoch  of  the  mean  longitude," 
the  mean  longitude  of  the  planet  so  computed  for  a  fixed  date  ;  as, 
for  instance,  the  commencement  of  the  year  1800,  mean  time  at 
a  given  place.  Supposing  now  all  the  elements  of  the  orbit  in- 
variable, if  we  were  to  go  through  this  reverse  process,  and  thus 
ascertain  the  epoch  (so  defined)  from  any  number  of  different 
perfectly  correct  heliocentric  longitudes,  it  is  clear  we  should 
always  come  to  the  same  result.  One  and  the  same  <<  epoch" 
would  come  out  from  all  the  calculations. 

(730.)  Considering  then  the  «  epoch"  in  this  light,  as  merely  a 
result  of  this  reversed  process  of  calculation,  and  not  as  the  direct 
result  of  an  observation,  instituted  for  the  purpose  at  the  precise 
epochal  moment  of  time,  (which  would  be,  generally  speaking, 
impracticable,)  it  might  be  conceived  subject  to  variation  in  two 
distinct  Ways,  viz.  dependently  and  independently.  Dependently 
it  must  vary,  as  a  necessary  consequence  of  the  variation  of  the 
other  elements ;  because,  if  setting  out  from  one  and  the  same 
observed  heliocentric  longitude  of  the  planet,  we  calculate  back 
to  the  epoch  with  two  different  sets  of  intermediate  elements,  the 
one  set  consisting  of  those  which  it  had  immediately  before  its 
arrival  at  that  longitude,  the  other  that  which  it  takes  up  imme- 
diately after  (i.  e,  with  an  unvaried  and  a  varied  system),  we  cannot 
(unless  by  singular  accident  of  mutual  counteraction)  arrive  at  the 
same  result ;  and  the  difference  of  the  results  is  evidently  the 
variation  of  the  epoch.  On  the  other  hand,  however,  it  cannot 
vary  independently ;  for  since  this  is  the  only  mode  in  which  the 
unvaried  and  varied  epochs  can  become  known,  and  as  both 
result  from  direct  processes  of  calculation  involving  only  given 
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data,  the  results  can  only  differ  by  reason  of  the  diiierence  of  those 
data.  Or  we  may  argue  thus.  The  change  in  the  path  of  the 
planet,  and  its  place  in  that  path  so  changed,  at  any  future  time 
(supposing  it  to  undergo  no  further  variation),  are  entirely  owing 
to  the  change  in  its  velocity  and  direction,  produced  by  the  dis- 
turbing forces  at  thepoint  of  disturbance;  now  these  latter  changes 
(as  we  have  above  seen)  are  comp/e/e^  represented  by  the  momen- 
tary change  in  the  situation  of  the  upper  focus,  taken  in  combina- 
tion with  the  momentary  variation  in  the  plane  of  the  orbit ;  and 
these  therefore  express  the  total  effect  of  the  disturbing  forces. 
There  is,  therefore,  no  direct  and  specific  action  on  the  epoch  as 
an  independent  variable.  It  is  simply  left  to  accommodate  itself 
to  the  altered  state  of  things  in  the  mode  already  indicated. 

(731.)  Nevertheless,  should  the  effects  of  perturbation  by  in- 
ducing changes  on  these  other  elements  affect  the  mean  longitude 
of  the  planet  in  any  other  way  than  can  be  considered  as  properly 
taken  account  of,  by  the  varied  periodic  time  due  to  a  change  of 
axis,  such  effects  must  be  riegarded  as  incident  on  the  epoch.  This 
is  the  case  with  a  very  curious  class  of  perturbations  which  we  are 
now  to  consider,  and  which  have  their  origin  in  an  alteraUon  of 
the  average  distance  at  which  the  disturbed  body  is  found  at 
every  instant  of  a  complete  revolution,  distinct  from,  and  not 
brought  about  by  the  variation  of  the  major  semi-axis,  or  mameni' 
tary  ^^mean  distance^^  which  is  an  imaginary  magnitude,  to  be 
carefully  distinguished  from  the  average  of  the  actual  distances 
now  contemplated.  Perturbations  of  this  class  (like  the  moon's 
variation,  with  which  they  are  intimately  connected)  are  indepen- 
dent on  the  excentricity  of  the  disturbed  orbit ;  for  which  reason 
we  shall  simplify  our  treatment  of  this  part  of  the  subject,  by  sup- 
posing that  orbit  to  have  no  permanent  excentricity,  the  upper 
focus  in  its  successive  displacements  merely  revolving  about  a 
mean  position  coincident  with  the  lower.  We  shall  also  suppose 
M  very  distant,  as  in  the  lunar  theory. 

(732.)  Referring  to  what  is  said  in  arts.  706  and  707,  and  to 
the  figures  accompanying  those  articles,  and  considering  first  the 
effect  of  the  tangential  force,  we  see  that  besides  the  effect  of  that 
force  in  changing  the  length  of  the  axis,  and  consequently  the 
periodic  time,  it  causes  the  upper  focus  H  to  describe,  in  each 
revolution  of  P,  a  four-cusped  curve,  a,  d,  &,  e,  about  S,  all  whose 
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intercnspidal  arcs  are  similar  and  equal.  This  supposes  M  fixed, 
aud  at  an  invariable  distance,— supporitions  which  simplify  the 
relations  of  the  subject,  and  (as  we  shall  afterwards  show)  do  not 
affect  the  general  nature  of  the  conclusions  to  be  drawn.  In 
virtue,  then,  of  the  excentricity  thus  given  rise  to,  P  will  be  at 
the  perigee  of  its  momentary  ellipse  at  syzygies  and  in  its  apogee  at 
quadratures,  ^part^  therefore^  from  the  change  arising  Jrom  the 
variation  of  axisj  the  distance  of  P  from  S  will  be  less  at  syzy- 
gies, and  greater  at  quadratures,  than  in  the  original  circle.  But 
the  average  of  all  the  distances  during  a  whole  revolution  will  be 
unaltered  ;  because  the  distances  of  a,  c(,  6,  e  from  S  being  equal, 
and  the  ares  symmetrical,  the  approach  in  and  about  perigee  will 
be  equal  to  the  recess  in  and  about  apogee.  And,  in  like  manner, 
the  effect  of  the  changes  going  on  in  the  length  of  the  axis  itself, 
on  the  average  in  question,  is  nt/,  because  the  alternate  increases 
and  decreases  of  that  length  balance  each  other  in  a  complete 
revolution.  Thus  we  see  that  the  tangential  force  is  excluded 
from  all  influence  in  producing  the  class  of  perturbations  now 
under  consideration. 

(733.)  It  is  otherwise  with  respect  to  the  normal  force.  In 
virtue  of  the  action  of  that  force  the  upper  focus  describes,  in  each 
revolution  of  P,  the  four-cusped  curve  {fig.  art.  707),  whose  inter- 
cuspidal  arcs  are  alternately  of  very  unequal  extent,  arising,  as 
we  have  seen,  from  the  longer  duration  and  greater  energy  of  the 
outward  than  of  the  inward  action  of  the  disturbing  force.  Al- 
though, therefore,  in  perigee  at  syzygies  and  in  apogee  at  quad- 
ratures, the  apogeal  recess  is  much  greater  than  the  perigeal 
approach,  inasmuch  as  S  d  greatly  exceeds  S  a.  On  the  average 
of  a  whole  revolution,  then,  the  recesses  will  preponderate,  and 
the  average  distance  will  therefore  ^be  greater  in  the  disturbed 
than  in  the  undisturbed  orbit.  And  it  is  manifest  that  this  conclu- 
sion is  quite  independent  of  any  change  in  the  length  of  the  axis, 
which  the  normal  force  has  no  power  to  produce. 

(734.)  But  neither  does  the  normal  force  operate  any  change 
of  linear  velocity  in  the  disturbed  body.  When  carried  out,  there- 
fore, by  the  effect  of  that  force  to  a  greater  distance  from  S,  the 
angular  velocity  of  its  motion  round  S  will  be  diminished  :  and 
contrariwise  when  brought  nearer.  The  average  of  all  the  momen- 
tary angular  motions,  therefore,  will  decrease  with  the  increase  in 
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that  of  the  momentary  distances ;  and  in  a  higher  ratio,  since  the 
angular  velocity,  under  an  equable  description  of  areas,  is  in- 
versely as  the  square  of  the  distance,  and  the  disturbing  force, 
being  (in  the  case  supposed)  directed  to  or  from  the  centre,  does 
not  disturb  that  equable  description  (art.  616).  Consequently,  on 
the  average  of  a  whole  revolution,  the  angular  motion  is  slower, 
and  therefore  the  time  of  completing  a  revolution,  and  returning 
to  the  same  longitude,  longer  than  in  the  undisturbed  orbit,  and 
that  independent  of  and  without,  any  reference  to  the  length  of  the 
momentary  axis,  and  the  << periodic  time''  or  "mean  niotion''  de- 
pendent thereon.  We  leave  to  the  reader  to  follow  out  (as  is  easy 
to  do)  the  same  train  of  reasoning  in  the  cases  of  planetary  pertur- 
bation, when  M  is  not  very  remote,  and  when  it  is  interior  to  the 
disturbed  orbit.  In  the  latter  case  the  preponderant  efiect  changes 
from  a  retardation  of  angular  velocity  to  an  acceleration,  and  the 
dilatation  of  the  average  dimensions  of  P's  orbit  to  a  contraction. 
(735.)  The  above  is  an  accurate  analysis,  according  to  strict 
dynamical  principles,  of  an  effect  which,  speaking  roughly,  may  be 
assimilated  to  an  alteration  of  M's  gravitation  towards  S  by  the 
mean  preponderant  amount  of  the  outward  and  inward  action  of 
the  normal  forces  constantly  exerted — ^nearly  as  would  be  the  case 
if  the  mass  of  the  disturbing  body  were  formed  into  a  ring  of  uni- 
form thickness,  concentric  with  S,  and  of  such  diameter  as  to 
exert  an  action  on  P  everywhere  equal  to  such  mean  preponderant 
force,  and  in  the  same  direction  as  to  inwards  or  outwards.  For 
it  is  clear  that  the  action  of  such  a  ring  on  P,  will  be  the  difference 
of  its  attractions  on  the  two  points  P  and  S,  of  which  the  latter 
occupies  its  centre,  the  former  its  excentric.  Now  the  attraction 
of  a  ring  on  its  centre  is  manifestly  equal  in  all  directions,  and 
therefore,  estimated  in  any  one  direction,  is  zero.  On  the  oth^ 
hand,  on  a  point  P  out  of  its  Centre,  i£  within  the  ring,  the  result- 
ing attraction  will  always  be  ouiwardsy  towards  the  nearest  point 
of  the  ring,  or  directly  from  the  centre.*    But  if  P  lie  without  the 

*  As  this  is  a  proposition  which  the  equilibrium  of  Saturn's  ring  renders  not 
merely  spcculaliTe  or  illustrative,  it  will  be  well  to  demonstrate  it ;  which  may  be 
done  very  simply,  and  without  the  aid  of  any  calculus.  Conceive  a  spherical  shell, 
and  a  point  within  it :  eveiy  line  passing  through  the  point,  and  terminating  both 
ways  in  the  shell,  will,  of  course,  bo  equally  inclined  to  its  sur&oe  at  either  end,' 
being  a  chord  of  a  spherical  surface,  and,  therefore,  symmetrically  related  to  all^ita 
parts.  No^,  conceive  a  small  double  cone,  or  pyramid,  having  its  apex  at  the  point, 
and  formed  by  the  conical  motion  of  such  a  line  round  the  point    Theti  will  the 
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ring,  the  resulting  force  will  act  always  inwards^  urging  P  towards 
its  centre.  Hence  it  appears  that  the  mean  effect  of  the  radial 
ferce'  of  the  ring  will  be  different  in  its  direction,  according  as  the 
orbit  of  the  disturbing  body  is  exterior  or  interior  to  that  of  the 
disturbed.  In  the  former  case  it  will  act  in  diminution,  in  the 
latter  in  augmentation  of  the  central  gravity. 

(736.)  Regarding,  still,  only  the  mean  effect,  as  produced  in  a 
great  number  of  revolutions  of  both  bodies,  it  is  evident  that  such 
an  increase  of  central  force  will  be  accompanied  with  a  diminution 
of  periodic  time  and  distance  of  a  body  revolving  with  a  stated- 
Telocity,  and  vice  versd.  This,  as  we  have  shown,  is  the  first  and 
most  obvious  effect  of  the  radial  part  of  the  disturbing  force,  when 
exactly  analyzed.  It  alters  permanently,  and  by  a  certain  mean 
amount,  the  distances  and  times  of  revolution  of  all  the  bodies 
composing  the  planetary  system,  from  what  they  would  be,  did 
each  planet  circulate  about  the  sun  uninfluenced  by  the  attraction 
of  the  rest ;  the  angular  motion  of  the  interior  bodies  of  the  system 
being  thus  rendered  less,  and  those  of  the  exterior  greater,  than 
on  that  supposition.  The  latter  effect,  indeed,  might  be  at  once 
concluded  from  this  obvious  consideration, — that  all  the  planets 
revolving  interiorly  to  any  orbit  may  be  considered  as  adding  to 
the  general  aggregate  of  the  attracting  matter  within,  which  is  not 
the  less  efficient  for  being  distributed  ovier  space,  and  maintained 
in  a  state  of  circulation. 

(737.)  This  effect,  however,  is  one  which  we  have  no  means  of 
measuring,  or  even  of  detecting,  otherwise  than  by  calculation. 

two  portions  of  the  spherical  shell,  which  form  the  hases  of  both  the  cones,  or  pyra- 
mids, be  similar  and  equally  inclined  to  their  axes.  Therefore  their  areas  will  be  to 
each  other  as  the  squares  of  their  distances  from  the  common  apex.  Therefore 
their  attractions  on  it  will  be  equal,  because  the  attraction  is  as  the  attracting  matter 
directly,  and  the  square  of  its  distance  inversely.  Now,  these  attractions  act  in 
opposite  directions,  and  therefore  counteract  each  other.  Therefore  the  point  is  in 
equilibrium  between  them ;  and  as  the  same  is  true  of  every  such  pair  of  areas  into 
which  the  spherical  shell  can  be  broken  up,  therefore  the  point  will  be  in  equilibrium 
hmvever  situated  within  such  a  spherical  shell.  Now  take  a  nng,  and  treat  it 
similarly,  breaking  its  circumference  up  into  pairs  of  elements,  the  bases  of  triangles 
formed  by  lines  passing  through  the  attracted  point.  Here  Uie  attracting  elements 
being  lines,  not  surfaces,  are  in  the  simple  ratio  of  the  distances,  not  the  duplicate, 
as  they  should  be  to  maintain  the  equilibrium.  Therefore  it  will  not  be  maintained, 
but  the  nearest  elements  will  have  the  superiority;  and  the  point  willi  on  the  whole, 
be  urged  towards  the  nearest  part  of  the  ring.  The  same  is  true  of  every  linear 
ring,  and  is  therefore  true  of  any  assemblage  of  concentric  ones  forming  a  flat  an- 
nulusy  like  the  ring  of  Saturn. 
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For  our  knowledge  of  the  periods  of  the  planets  is  drawn  from 
obserrations  made  on  them  in  their  actual  state,  and  therefore 
under  the  influence  of  this,  which  may  be  regarded  as  a  soH  of 
constant  part  of  the  perturbative  action.  Their  obsenred  mean 
motions  are  therefore  affected  by  the  whole  amount  of  its  influ- 
ence ;  and  we  have  no  means  of  distinguishing  this  by  obserration 
from  the  direct  efiect  of  the  sun's  attraction,  with  which  it  is 
blended.  Our  knowledge,  however,  of  the  masses  of  the  planets 
assures  us  that  it  is  extremely  small ; .  and  this,  in  feet,  is  all  which 
it  is  at  all  important  to  us  to  know,  m  the  theory  of  their  motions. 
(738.)  The  action  of  the  sun  upon  the  moon,  in  like  manner, 
tends,  by  its  mean  influence  during  many  successive  revolutions 
of  both  bodies,  to  mcrease  permanently  the  moon's  distance  and 
periodic  time.  But  this  general  average  is  not  established,  either 
in  the  case  of  the  moon  or  planets,  without  a  series  of  subordinate 
fluctuations,  which  we  have  purposely  neglected  to  take  account 
of  in  the  above  reasoning,  and  which  obviously  tend,  in  the  ave- 
rage of  a  great  multitude  of  revolutions,  to  neutralize  each  other. 
In  the  lunar  theory,  however,  some  of  these  subordinate  fluctua- 
tions are  very  sensible  to  observation.  The  most  conspicuous  of 
these  is  the  moon's  annual  equation ;  so  called  because  it  con&sts 
in  an  alternate  increase  and  decrease  in  her  longitude,  correspond- 
ing with  the  earth's  situation  in  its  annual  orbit ;  i.  e.  to  its  angular 
distance  from  the  perihelion,  and  therefore  having  a  year  instead 
of  a  month,  or  aliquot  part  of  a  month,  for  its  period.  To  under- 
stand the  mode  of  its  production,  let  us  suppose  the  sun,  still 
holding  a  fixed  position  in  longitude,  to  approach  gradually  nearer 
to  the  earth.  Then  will  all  its  disturbing  forces  be  gradually  in- 
creased in  a  very  high  ratio  compared  with  the  diminution  of  the 
distance  (being  inversely  as  its  cube ;  so  that  its  eflects  of  every 
kind  are  three  times  greater  in  respect  of  any  change  of  distance, 
than  they  would  be  by  the  simple  law  of  proportionality).  Hence, 
it  is  obvious  that  the  focus  H  (art.  707),  in  the  act  of  describing 
each  intercuspidal  arc  of  the  curve  a,  d,  &,  e,  will  be  continually 
carried  out  farther  and  farther  from  S ;  and  the  curve,  instead  of 
returning  into  itself  at  the  end  of  each  revolution,  will  open  out 
into  a  sort  of  cuspidated  spiral,  as  in  the  figure  annexed.  Re- 
tracing now  the  reasoning  of  art.  733,  as  adapted  to  this  state  of 
things,  it  will  be  seen  that  so  long  as  this  dilatation  goes  on,  so 
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long  will  the  difference  between  M^s  recess  from  S  in  aphelio  and 
its  approach  in  perihelio  (which  is  equal  to  Fig.  105. 

the  difference  of  consecutive  long  and  short 
semidiameters  of  this  curve)  also  continue  to 
increase^  and  with  it  the  average  of  the  dis- 
tances of  M  from  S  m  a  whole  revolution, 
and  consequently  also  the  time  of  perform- 
ing such  a  revolution.  The  reverse  process  will  go  on  as  the  sun 
again  recedes.  Thus  it  appears  that,  as  the  sun  approaches  the 
earthy  the  mean  angular  motion  of  the  moon  on  the  average  of  a 
whole  revolution  will  diminish,  and  the  duration  of  each  lunation 
will  therefore  exceed  that  of  the  foregoing,  and  vice  versd. 

(739.)  The  moon's  orbit  being  supposed  circular,  the  sun's 
orbitual  motion  will  have  no  other  effect  than  to  keep  the  moon 
longer  under  the  influence  of  every  gradation  of  the  disturbing 
force,  than  would  have  been  the  case  had  his  situation  in  longi- 
tude remained  unaltered  (art.  711).  The  same  effects,  therefore, 
will  take  place  only  on  an  mcreased  scale  in  the  proportion  of  the 
increased  time ;  ».  e.  in  the  proportion  of  the  synodic  to  the  side- 
real revolution  of  the  moon.  Observation  confirms  these  results,  and 
assigns  to  the  inequality  ip  question  a  maximum  value  of  between 
10'  and  11',  by  which  the  moon  is  at  one  time  in  advance  of,  and 
at  another  behind,  its  mean  place,  in  consequence  of  this  pertur- 
bation. 

(740.)  To  this  class  of  inequalities  we  must  refer  one  of  great 
importance,  and  extending  over  an  immense  period  of  time, 
known  by  the  name  of  the  secular  acceleration  of  the  moon^s  mean 
motion.  It  has  been  observed  by  Dr.  Halley,  on  comparing 
together  the  records  of  the  most  ancient  lunar  eclipses  of  the 
Chaldean  astronomers  with  those  of  modem  times,  that  the  period 
of  the  moon's  revolution  at  present  is  sensibly  shorter  than  at  that 
remote  epoch;  and  this  result  was  confirmed  by  aiurther  com- 
parison of  both  sets  of  observations  with  those  of  the  Arabian 
astronomers  of  the  eighth  and  ninth  centuries.  It  appeared,  from 
these  comparisons,  that  the  rate  at  which  the  moon's  mean  motion 
increases  is  about  11  seconds  per  century, — a  quantity  small  in 
itself,  but  becoming  considerable  by  its  accumulation  during  a 
succession  of  ages.  This  remarkable  fact,  like  the  great  equation 
of  Jupiter  and  Saturn,  had  been  long  the  subject  of  toilsome  inves- 
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tigation  to  geometers.  Indeed,  so  difficult  did  it  appear  to  render 
any  exact  account  of,  that  while  some  were  on  the  point  of  again 
declaring  the  theory  of  gravity  inadequate  to  its  explanation,  others 
were  for  rejecting  altogether  the  evidence  on  which  it  rested, 
although  quite  as  satisfactory  as  that  on  which  most  historical 
events  are  credited.  It  was  in  this  dilemma  that  Laplace  once 
more  stepped  m  to  rescue  physical  astronomy  from  its  reproach, 
by  pointing  out  the  real  cause  of  the  phenomenon  in  question, 
which,  when  so  explained,  is  one  of  the  most  curious  and  instruc- 
tive in  the  whole  range  of  our  subject, — one  which  leads  our 
speculations  farther  into  the  past  and  future,  and  pomts  to  longer 
vistas  in  the  dim  perspective  of  changes  which  our  system  has 
undergone  and  is  yet  to  undergo,  than  any  other  which  observa- 
tion assisted  by  theory  has  developed. 

(741.)  The  year  is  not  an  exact  number  of  lunations.  It  con- 
sists of  twelve  and  a  fraction.  Supposing  then  the  sun  and  moon 
to  set  out  from  conjunction  together;  at  the  twelfth  conjunction 
subsequent  the  sun  will  not  have  returned  precisely  to  the  same 
point  of  its  annual  orbit,  but  will  fall  somewhat  short  of  it,  and 
at  the  thirteenth  will  have  overpassed  it.  Hence  in  twelve  luna- 
tions the  gain  of  longitude  during  the  first  half  year  will  be  some- 
what under  and  in  thirteen  somewhat  over-compensated.  In 
twenty-six  it  will  be  nearly  twice  as  much  over-compensated,  in 
thirty-nine  not  quite  so  nearly  three  times  as  much,  and  so  on, 
until,  after  a  certain  number  of  such  multiples  of  a  lunation  have 
elapsed,  the  sun  will  be  found  half  a  revolution  in  advance,  and 
in  place  of  receding  farther  at  the  expiration  of  the  next,  it  will 
have  begun  to  approach.  From  this  time  every  succeeding  cycle 
will  destroy  some  portion  of  that  over-compensation,  until  a  com- 
plete revolution  of  the  sun  in  excess  shall  be  accomplished.  Thus 
arises  a  subordinate  or  rather  supplementary  inequality,  having  for 
its  period  as  many  years  as  is  necessary  to  multiply  the  deficient 
arc  into  a  whole  revolution,  at  the  end  of  which  time  a  much 
more  exact  compensation  will  have  been  operated,  and  so  on. 
Thus  after  a  nvcderate  number  of  years  an  almost  perfect  compen- 
sation will  be  effected,  and  if  we  extend  our  views  to  centuries  we 
may  consider  it  as  quite  so.  Such  at  least  would  be  the  case  if 
the  solar  ellipse  were  invariable.  But  that  ellipse  is  kept  in  a  con- 
tinual but  excessively  slow  state  of  change  by  the  action  of  the 
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planets  on  the  earth.  Its  axis,  it  is  true,  remains  unaltered ;  but 
its  excentricity  is,  and  has  been  since  the  earliest  ages,  diminish- 
ing ;  and  this  diminution  will  continue  (there  is  little  reason  to 
doubt)  till  the  excentricity  is  annihilated  altogether,  and  the  earth's 
orbit  becomes  a  perfect  circle ;  after  which  it  will  again  open  out 
into  an  ellipse,  the  excentricity  will  again  increase,  attain  a  certain 
moderate  amount,  and  then  again  decrease.  The  time  required 
for  these  evolutions,  though  calculable,  has  not  been  calculated, 
further  than  to  satisfy  us  that  it  is  not  to  be  reckoned  by  hundreds 
or  by  thousands  of  years.  It  is  a  period,  in  short,  in  which  the 
whole  history  of  astronomy  and  of  the  human  race  occupies  but 
as  it  were  a  point,  during  which  all  its  changes  are  to  be  regarded 
as  uniform.  Now,  it  is  by  this  variation  in  the  excentricity  of  the 
earth's  orbit  that  the  secular  acceleration  of  the  moon  is  caused. 
The  compensation  above  spoken  of  (even  after  the  lapse  of  cen- 
turies) will  now,  we  see,  be  only  imperfectly  effected,  owing  to 
this  slow  shifting  of  one  of  the  essential  data.  The  steps  of  res- 
toration are  no  longer  identical  with,  nor  equal  to,  those  of  change. 
The  struggle  up  hill  is  not  maintained  on  equal  terms  with  the 
downward  tendency.  The  ground  is  all  the  while  slowly  sliding 
beneath  the  feet  of  the  antagonists.  Duriog  the  whole  time  that 
the  earth's  excentricity  is  diminishing,  a  preponderance  is  given 
to  the  re*action  over  the  action  ;  and  it  is  not  till  that  diminution 
shall  cease,  that  the  tables  will  be  turned,  and  the  process  of  ulti- 
mate restoration  will  commence.  Meanwhile,  a  minute,  outstand- 
ing, and  uncompensated  effect  in  favour  of  acceleration  is  left  at 
each  recurrence,  or  near  recurrence,  of  the  same  configurations  of 
the  sun,  the  moon,  and  the  solar  perigee.  These  accumulate,  and 
at  length  affect  the  moon's  longitude  to  an  extent  not  to  be  over- 
looked. 

(742.)  The  phenomenon,  of  which  we  have  now  given  an 
account,  is  another  and  veiy  striking  example  of  the  propagation 
of  a  periodic  change  from  one  part  of  a  system  to  another.  The 
planets,  with  one  exception,  have  no  direct  appreciable  action  on 
the  lunar  motions  as  referred  to  the  earth.  Their  masses  are  too 
small,  and  their  distances  too  great,  for  their  difference  of  action 
on  the  moon  and  earth  ever  to  become  sensible.  Yet  their  effect 
on  the  earth's  orbit  is  thus,  we  see,  propagated  through  the  sun  to 
that  -of  the  moon ;  and,  what  is  very  remarkable,  the  transmitted 
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effect  thus  indirectly  produced  on  the  angle  described  by  the  mooa 
round  the  earth  is  more  sensible  to  observation  than  that  directly 
produced  by  them  on  the  angle  described  by  the  earth  round  the 
sun. 

(743.)  Referring  to  the  reasoning  of  art  738,  we  shall  perceive 
that  if,  owing  to  any  other  cause  than  its  elliptic  motion,  the  sun's 
distance  from  the  earth  be  subject  to  a  periodical  increase  and 
decrease,  that  variation  will  give  rise  to  a  lunar  inequality  ef  equal 
period  analogous  to  the  annual  equation.  It  thus  happens  that 
very  minute  changes  impressed  on  the  orbit  of  the  earth,  by  the 
direct  action  of  the  planets,  (provided  their  periods,  though  not 
properly  speaking  secular,  be  of  considerable  lengthy)  may  make 
themselves  sensible  in  the  lunar  motions.  The  longitude  of  that 
satellite,  as  observed  from  the  earth,  is,  in  fact,  singularly  sensible 
to  this  kind  of  reflected  action,  which  illustrates  in  a  striking  man* 
ner  the  principle  of  forced  vibrations  laid  down  in  art.  650.  The 
reason  of  this  will  be  readily  apprehended,  if  we  consider  that 
however  trifling  the  increase  of  her  longitude  which  would  arise 
in  a  single  revolution,  from  a  minute  and  almost  infiniteamal 
increase  of  her  mean  angular  velocity,  that  increase  is  not  only 
repeated  in  each  subsequent  revolution,  but  is  reinforced  during 
each  by  a  similar  fresh  accession  of  angular  motion  generated  in 
its  lapse.  This  process  goes  on  so  long  as  the  angular  motion 
continues  to  increase,  and  only  begins  to  be  reversed  when  lapse 
of  time,  bringing  round  a  contrary  action  on  the  angular  motion, 
shall  have  destroyed  the  excess  of  velocity  previously  gained,  and 
begun  to  operate  a  retardation.  In  this  respect,  the  advance  gained 
by  the  moon  on  her  undisturbed  place  may  be  assimilated,  during 
its  increase,  to  the  qiace  described  from  rest  under  the  action  of  a 
continually  accelerating  force.  The  velocity  gained  in  each  instant 
is  not  only  efiective  in  carrying  the  body  forward  during  each  sub- 
sequent instant,  but  new  velocities  are  every  instant  generated, 
and  go  on  adding  their  cumulative  efiects  to  those  before  pro- 
duced. 

(744.)  The  distance  of  the  earth  from  the  sun,  like  that  of  the 
moon  from  the  earth,  may  be  affected  in  its  average  value  estimated 
over  long  periods  embracing  many  revolutions,  in  two  modes,  con- 
formably to  the  theory  above  delivered.  1st,  it  may  vary  by  a 
variation  in  the  length  of  the  axis  major  of  its  orbit,  arising  from 
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the  direct  action  of  some  tangential  disturbing  force  on  its  velocity, 
and  thereby  producing  a  change  of  mean  motion  and  periodic 
time  in  virtue  of  the  Keplerian  law  of  periods,  which  declares  that 
the  periodic  times  are  in  the  sesquiplicate  ratio  of  the  mean  dis- 
tances. Or,  2d]y,  it  may  vary  by  reason  of  that  peculiar  action 
on  the  average  of  actual  distances  during  a  revolution,  which  arises 
from  variations  of  excentricity  and  perihelion  only,  and  which 
produces  that  sort  of  change  in  the  mean  motion  which  we  have 
characterized  as  incident  on  the  epoch.  The  change  of  mean 
motion  thus  arising,  has  nothing  whatever  to  do  with  any  variation 
of  the  major  axis.  It  does  not  depend  on  the  change  of  distance 
by  the  Keplerian  law  otperiodSy  but  by  that  of  areas.  The  altered 
mean  motion  is  not  sub-sesquiplicate  to  the  altered  axis  of  the 
ellipse,  which  in  fact  does  not  alter  at  all,  but  is  svlhdupHeate  to 
the  altered  average  of  distances  in  a  revolution ;  a  distinction  which 
must  be  carefully  borne  in  mind  by  every  one  who  will  clearly 
understand  either  the  subject  itself,  or  the  force  of  Newton's  ex- 
planation of  it  in  the  6th  Corollary  of  his  celebrated  66th  Proposi* 
tion.  In  whichever  mode,  however,  an  alteration  in  the  mean 
motion  is  effected,  if  we  accommodate  the  general  sense  of  our 
language  to  the  specialties  of  the' case,  it  remains  true  that  every 
change  in  the  mean  motion  is  accompanied  with  a  corresponding 
change  in  the  mean  distance. 

(745.)  Now  we  have  seen,  (art.  726,)  that  Venus  produces  ^in 
the  earUi  a  perturbation  in  longitude,  of  so  long  a  period  (240 
years),  that  it  cannot  well  be  regarded  without  violence  to  ordinary 
language,  otherwise  than  as  an  equation  of  the  mean  motion.  Of 
course,  therefore,  it  follows  that  during  that  half  of  this  long  period 
of  time,  in  which  the  earth's  motion  is  retarded,  the  distance  be* 
tween  the  sun  and  earth  is  on  the  increase,  and  vice  versA,  Minute 
as  is  the  equation  in  question,  and  consequent  alteration  of  solar 
distance,  and  almost  inconceivably  minute  as  is  the  effect  produced 
on  the  moon's  mean  angular  velocity  in  a  single  lunation,  yet  the 
great  number  of  lunations  (1484),  during  which  the  effect  goes  on 
accumulating  in  one  direction,  causes  the  moon  at  the  moment 
when  that  accumulation  has  attained  its  maximum  to  be  very 
sensibly  in  advance  of  its  undisturbed  place  (viz.  by  23"  of  Ion* 
gitude),  and  after  1484  more  lunations,  as  much  in  arrear.  The 
calculations  by  which  this  curious  result  has  been  established,  for- 
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midable  from  their  length  and  intricacy,  are  due  to  the  industry, 
as  the  discovery  of  its  origin  is  to  the  sagacity,  of  Professor 
Hansen. 

(746.)  The  action  of  Venus,  just  explained,  is  indirect,  being 
as  it  were  a  sort  of  reflection  of  its  influence  on  the  earth's  orbit. 
But  a  very  remarkable  instance  of  its  influence,  in  actually  per* 
turbing  the  moon's  motions  by  its  direct  attraction,  has  been 
pointed  out,  and  the  inequality  due  to  it  computed  by  the  same 
eminent  geometer.*  As  the  details  of  his  processes  have  not  yet 
appeared,  we  can  here  only  explain,  in  general  terms,  the  principle 
on  which  the  result  in  question  depends,  and  the  nature  of  the 
peculiar  adjustment  of  the  mean  angular  velocities  of  the  earth  and 
Venus  which  render  it  efiective.  The  disturbing  forces  of  Venus 
on  the  moon  are  capable  of  being  represented  or  expressed  (as  is 
indeed  generally  the  case  with  all  the  forces  concerned  in  pro- 
ducing planetary  disturbance)  by  the  substitution  for  them  of  a 
series  of  other  forces,  each  having  a  period  or  cycle  within  which 
it  attains  a  maximum  in  one  direction,  decreases  to  nothing,  re- 
verses its  action,  attains  a  maximum  in  the  opposite  direction, 
again  decreases  to  nothing,  again  reverses  its  action  and  re-attains 
its  former  magnitude,  and  so  on.  These  cycles  difier  for  each 
particular  constituent  or  termj  as  it  is  called,  of  the  total  forces 
considered,  as  so  broken  up  into  partial  ones,  and  generally  speak- 
ing, every  combination  which  can  be  formed  by  subtracting  a 
multiple  of  the  mean  motion  of  one  of  the  bodies  concerned  from 
a  multiple  of  that  of  the  other,  and,  when  there  are  three  bodies 
disturbing  one  another,  every  such  triple  combination  becomes, 
under  the  technical  name  of  an  argument,  the  cyclical  representa- 
tive of  a  force  acting  in  the  manner  and  according  to  the  law 
described.  Each  of  these  periodically  acting  forces  produces  its 
perturbative  eflect,  according  to  the  law  of  the  superposition  of 
small  motions,  as  if  the  others  had  no  existence.  Add  if  it  happen, 
as  in  an  immense  majority  of  cases  it  does,  that  the  cycle  of  any 
particular  one  of  these  partial  forces  has  no  relation  to  the  periodic 
time  of  the  disturbed  body,  so  as  to  bring  it  to  the  same,  or  very 
nearly  the  same  point  of  its  orbit,  or  to  any  situation  favourable  to 
any  particular  form  of  disturbance,  over  and  over  again  when  the 
force  is  at  its  maximum;  that  force  will,  in  a  few  revolutions, 
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DIBECI  ACTION  07  YBKTJS  ON  THB  MOON.  468 

neutralize  its  own  efiect,  and  nothing  but  fluctuations  of  brief 
duration  can  result  from  its  action.  The  contrary  will  evidently 
be  the  case,  if  the  cycle  of  the  force  coincide  so  nearly  with  the 
cycle  of  the  moon's  anomalistic  revolution,  as  to  bring  round  the 
maximum  of  the  force  acting  in  one  and  the  same  direction  (whether 
tangential  or  normal)  either  accurately,  or  very  nearly  indeed  to 
some  definite  point,  as,  for  example,  the  apogee  of  her  orbit* 
Whatever  the  efiect  produced  by  such  a  force  on  the  angular 
motion  of  the  moon,  if  it  be  not  exactly  compensated  in  one  cycle 
of  its  action,  it  will  go  on  accumulating,  being  repeated  over  and 
over  again  under  circumstances  very  nearly  the  same,  for  many 
successive  revolutions,  until  at  length,  owing  to  the  want  of  pre* 
cise  accuracy  in  the  adjustment  of  that  cycle  to  the  anomalistic 
period,  the  maximum  of  the  force  (in  the  same  phase  of  its  action) 
is  brought  to  coincide  with  a  point  in  the  orbit  (as  the  perigee), 
determinative  of  an  opposite  efiect,  and  thus,  at  length,  a  com- 
pensation will  be  worked  out ;  in  a  time,  however,  so  much  the 
longer  as  the  diflerenee  between  the  cycle  of  the  force  and  the 
moon's  anomalistic  period  is  less. 

(747.)  Now,  in  fact,  in  the  case  of  Venus  disturbing  the  moon, 
there  exists  a  cyclical  combination  of  this  kind.  Of  course  the 
disturbing  force  of  Venus  on  the  moon  varies  with  her  distance 
from  the  earth,  and  this  distance  again  depends  on  her  configura- 
tion with  respect  to  the  earth  and  the  sun,  taking  into  account  the 
ellipticUy  of  both  their  orbiis.  Among  the  combinations  which 
take  their  rise  from  this  latter  consideration,  and  which,  as  may 
easily  be  supposed,  are  of  great  complexity,  there  is  a  term  (an 
exceedingly  minute  one),  whose  argument  or  cycle  is  determined 
by  subtracting  16  times  the  mean  motion  of  the  earth  from  18 
times  that  of  Venus.  The  difi*erence  is  so  very  nearly  the  mean 
motion  of  the  moon  in  her  anomalistic  revolution,  that  whereas 
the  latter  revolution  is  completed  in  21^  IS*"  IS""  32-3%  the  cycle 
of  the  force  is  completed  in  27**  13^  T^  35'6%  diflering  from  the 
other  by  no  more  than  10°"  56*7%  or  about  one  3625th  part  of  a 
complete  period  of  the  moon  from  apogee  to  apogee.  During  half 
of  this  very  long  interval  (that  is  to  say,  during  about  136^  years), 
the  perturbations  produced  by  a  force  of  this  character,  go  on  in- 
creasing and  accumulating,  and  are  destroyed  in  another  equal 
interval.    Although  therefore  excessively  minute  in  their  actual 
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effect  on  the  angalar  motion,  this  minuteness  is  compensated  by 
the  number  of  repeated  acts  of  accumulation,  and  by  the  length 
of  time  during  which  they  contmue  to  act  on  the  longitude. 
Accordingly  M.  Hansen  has  found  the  total  amount  of  fluctuation 
to  and  fro,  or  the  value  of  the  equation  of  the  moon's  longitude, 
80  arising  to  be  27  4'^  It  is  exceedingly  interesting  to  observe 
that  the  two  equatipus  considered  in  these  latter  paragraphs,  ac- 
count satisfactorily  for  the  only  remaining  material  differences 
between  theory  and  observation  in  the  modem  history  of  this 
hitherto  rebellious  satellite.  We  have  not  thought  it  necessary 
(indeed  it  would  have  required  a  treatise  on  the  subject)  to  go 
into  a  special  account  of  the  almost  innumerable  other  lunar  ine- 
qualities which  have  been  computed  and  tabulated,  and  which  are 
necessary  to  be  taken  into  account  in  every  computation  of  her 
place  from  the  tables.  Many  of  them  are  of  very  much  lai^er 
amount  than  these.  We  ought  not,  however,  to  pass  unnoticed, 
that  the  parallactic  inequality,  already  explained,  art.  712,  is  inter- 
esting, as  affording  a  measure  of  the  sun's  distance.  For  this 
equation  originates,  as  there  shown,  in  the  fact  that  the  disturbing 
forces  are  not  precisely  alike  in  the  two  halves  of  the  moon^s  orbit 
nearest  to  and  most  remote  from  the  sun,  all  their  values  being 
greater  in  the  former  half.  As  a  knowledge  of  the  relative  dimen- 
sions of  the  solar  and  lunar  orbits  enables  us  to  calculate  d  priariy 
the  amount  of  this  inequality,  so  a  knowledge  of  that  amount 
deduced  by  the  comparison  of  a  great  number  of  observed  places 
of  the  moon  with  tables  in  which  6very  inequality  but  this  should 
be  included,  would  enable  us  conversely  to.  ascertain  the  ratio  of 
the  distances  in  question.  Owing^to  the  smallness  of  the  inequsdity, 
this  is  not  a  very  accurate  mode  of  obtaining  an  element  of  so 
much  importance  in  astronomy  as  the  sun's  distance,  but  were  it 
larger  (t.  e.  were  die  moon's  orbit  considerably  larger  than  it 
actually  is),  this  would  be,  perhaps,  the  most  exact  method  of  any 
by  which  it  could  be  concluded. 

(748.)  The  greatest  of  all  the  lunar  inequalities,  produced  by 
perturbation,  is  that  called  the  eveetion.  It  arises  directly  from  the 
variation  of  the  excentricity  of  her  orbit,  and  from  the  fluctuation 
to  and  fro  in  the  general  progress  of  the  line  of  apsides,  caused 
by  the  different  situation  of  the  sun,  \rith  respect  to  that  line  (arts. 
685,  691).    Owing  to  these  causes  the  moon  is  alternately  in 
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advance,  and  in  arrear  of  her  elliptic  place  by  about  P  20'  30". 
This  equation  was  known  to  the  ancients,  having  been  discovered 
by  Ptolemy,  by  the  comparison  of  a  long  series  of  observations 
handed  down  to  him  from  the  earliest  ages  of  astronomy.  The 
mode  in  which  the  effects  of  these  several  sources  of  inequality 
become  grouped  together  under  one  principal  argument  common 
to  them  all,  belongs,  for  its  explanation,  rather  to  works  specially 
treating  of  the  lunar  theory  than  to  a  treatise  of  this  kind. 

(749.)  Some  small  perturbations  are  produced  in  the  lunar  orbit 
by  the  protuberant  matter  of  the  earth's  equator.  The  attraction 
of  a  sphere  is  the  same  as  if  all  its  matter  were  condensed  into  a 
point  in  its  centre ;,  but  that  is  not  the  case  with  a  spheroid.  The 
attraction  of  such  a  mass  is  neither  exactly  directed  to  its  centre, 
nor  does  it  exactly  follow  the  law  of  the  inverse  squares  of  the 
distances.  Hence  will  arise  a  series  of  perturbations,  extremely 
small  in  amount,  but  still  perceptible  in  the  lunar  motions ;  by 
which  the  node  and  the  apogee  will  be  affected.  A  more  remark- 
able consequence  of  this  cause,  however,  is  a  small  nutation  of 
the  lunar  orbit,  exactly  analogous  to  that  which  the  moon  causes 
in  the  plane  of  the  earth's  equator,  by  its  action  on  the  same  elliptic 
protuberance.  And,  in  general,  it  may  be  observed,  that  in  the 
systems  of  planets  which  have  satellites,  the  elliptic  figure  of  the 
primary  has  a  tendency  to  bring  the  orbits  of  the  satellites  to  coin- 
cide with  its  equator, — a  tendency  which,  though  small  in  the  case 
of  the  earth,  yet  in  that  of  Jupiter,  whose  ellipticity  is  very  con- 
siderable, and  of  Saturn  especially,  where  the  ellipticity  of  the 
body  is  reinforced  by  the  attraction  of  the  rings,  becomes  pre- 
dominant over  every  external  and  internal  cause  of  disturbance, 
and  produces  and  maintains  an  almost  exact  coincidence  of  the 
planes  in  question.  Such,  at  least,  is  the  case  with  the  nearer 
satellites.  The  more  distant  are  comparatively  less  affected  by 
this  cause,  the  difference  of  attractions  between  a  sphere  and 
spheroid  diminishing  with  great  rapidity  as  the  distance  increases. 
Thus,  while  the  orbits  of  all  the  interior  satellites  of  Saturn  lie 
almost  exactly  in  the  plane  of  the  ring  and  equator  of  the  planet, 
that  of  the  external  satellite,  whose  distance  from  Saturn  is  between 
sixty  and  seventy  diameters  of  the  planet,  is  inclined  to  that  plane 
considerably.  On  the  other  hand,  this  considerable  distance,  while 
it  permits  the  satellite  to  retain  its  actual  inclination,  prevents  (by 
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parity  of  reasoning)  the  ring  and  equator  of  the  planet  from  being 
perceptibly  disturbed  by  its  attraction^  or  being  subjected  to  any 
appreciable  movements  analogous  to  our  nutation  and  precession. 
If  such  exist,  they  must  be  much  slower  than  those  of  the  earth ; 
the  mass  of  this  satellite  being,  as  far  as  can  be  judged  by  its 
apparent  size,  a  much  smaller  fraction  of  that  of  Saturn  than  the 
moon  is  of  the  eafth ;  while  the  solar  precession,  by  reason  of  the 
immense  distance  of  the  sun,  must  be  quite  imperceptible. 

(750.)  The  subject  of  the  tides,  though  rather  belonging  to 
terrestrial  physics  than  properly  to  astronomy,  is  yet  so  directly 
connected  with  the  theory  of  the  lunar  perturbations,  that  we  can- 
not  omit  some  explanatory  notice  of  it,  especially  since  many  per- 
sons find  a  strange  difficulty  in  conceiving  the  manner  in  which 
they  are  produced.  That  the  sun,  or  moon,  should  by  its  attrac- 
tion heap  up  the  waters  of  the  ocean  under  it,  seems  to  them  very 
natural.  That  it  should  at  the  same  time  heap  them  up  on  the 
opposite  side  seems,  on  the  contrary,  palpably  absurd.  The  error 
of  this  class  of  objectors  is  of  the  same  kind  with  that  noticed  in 
art.  723,  and  consists  in  disregarding  the  attraction  of  the  disturb- 
ing body  on  the  mass  of  the  earth,  and  looking  on  it  as  wholly 
effective  on  the  superficial  water.  Were  the  earth  indeed  abso- 
lutely fixed,  held  in  its  place  by  an  external  force,  and  the  water 
left  free  to  move,  no  doubt  the  effect  of  the  distilrbing  power 
would  be  to  produce  a  single  accumulation  vertically  under  the 
disturbing  body.  But  it  is  not  by  its  whole  attraction,  but  by  the 
difierence  of  its  attractions  on  the  superficial  water  at  both  sides, 
and  on  the  central  mass,  that  the  waters  are  raised  :  just  as  in  the 
theory  of  the  moon,  the  difference  of  the  sun's  attractions  on  the 
moon  and  on  the  earth  (regarded  as  movable  and  as  obeying 
that  amount  of  attraction  which  is  due  to  its  situation)  gives  rise 
to  a  relative  tendency  in  the  moon  to  recede  from  the  earth  in 
conjunction  and  opposition,  and  to  approach  it  in  quadratures. 
Referring  to  the  figure  of  art.  675,  instead  of  supposing  A  D  B  C 
to  represent  the  moon's  orbit,  let  it  be  supposed  to  represent  a 
section  of  the  (comparatively)  thin  film  of  water  reposing  on  the 
globe  of  the  earth,  in  a  great  circle,  the  plane  of  which  passes 
through  the  disturbing  body  M,  which  we  shall  suppose  to  be  the 
moon.  The  disturbing  force  on  a  particle  at  P  will  then  (exactly 
as  in  the  lunar  theory)  be  represented  in  amount  and  direction  by 
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N  S,  on  the  same  scale  on  which  S  M  represents  the  moon's  whole 
attraction  on  a  particle  situated  at  S.  This  force,  applied  at  P, 
will  urge  it  in  the  direction  P  X  parallel  to  N  S ;  and  therefore, 
when  compounded  with  the  direct  force  of  gravity  which  (neglect- 
ing as  of  no  account  in  this  theory  the  spheroidal  form  of  the  earth) 
urges  P  towards  S,  will  be  equivalent 
to  a  single  force  deviating  from  the 
dire^^tiOn  P  S  towards  X.  Suppose 
P  T  to  be  the  direction  of  this  force, 
which,  it  is  easy  to  see,  will  be  direct- 
ed towards  a  point  in  D  S  produced^ 
at  an  extremely  small  distance  below 
S,  because  of  the  excessive  minute- 
ness of  the  disturbing  force  compared 
to  gravity.*  Then  if  this  be  done  at  every  point  of  the  quadrant 
A  D,  it  will  be  evident  that  the  direction  P  T  of  the  resultant  force 
will  be  always  that  of  a  tangent  to  the  small  cuspidated  curve  a  d 
at  T,  to  which  tangent  the  surface  of  the  ocean  at  P  must  every- 
where be  perpendicular,  by  reason  of  that  law  of  hydrostatics 
which  requires  the  direction  of  gravity  to  be  everywhere  perpen- 
dicular to  the  surface  of  a  fluid  in  equiUbrio,  The  form  of  the 
curve  D  P  A,  to  which  the  surface  of  the  ocean  will  tend  to  con- 
form itself,  so  as  to  place  itself  everywhere  in  equilibrio  under  two 
acting  forces,  will  be  that  which  always  has  P  T  for  its  radius  of 
curvature.  It  will  therefore  be  slightly  less  curved  at  D,  and 
more  so  at  A,  being  in  fact  no  other  than  an  ellipse,  having  S  for 
its  centre,  d  a  for  its  evolute^  and  S  A,  S  D  for  its  longer  and 
shorter  semiaxes  respectively ;  so  that  the  whole  surface  (sup- 
posing it  covered  with  water)  will  tend  to  assume,  as  its  form  of 
equilibrium,  that  of  an  oblongated  ellipsoid,  having  its  longer  a^s 
directed  towards  the  disturbing  body,  and  its  shorter  of  course  at 
right  angles  to  that  direction.  The  difierence  of  the  longer  and 
shorter  semi-axes  of  this  ellipsoid  due  to  the  moon's  attraction 


*  Aocordiag  to  Newton's  calcolation,  ^e  maxSmiim  distarbing  force  of  the  mm 
on  Uie  water  does  not  exceed  one  25736400th  part  of  its  gravity.  That  of  the 
moon  will  therefore  be  to  this  fraction  as  the  cube  of  the  sun's  distance  to  that  of 
the  moon's  directly,  and  as  the  mass  of  the  san  to  that  of  the  moon  inversely,  t.  e. 
as  (400)3  X  0*0 125 17  :  854936,  which,  reduced  to  numbers,  gives,  fpr  the  moon's 
maximum  of  power  to  disturb  the  waters^  about  one  1 1400000th  of  gravity,  or 
somewhat  less  than  2^  times  the  sun's. 
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would  be  about  58  inches:  that  of  the  ellipsoid ,  similarly  formed 
in  virtue  of  the  sun,  about  2^  times  less,  or  about  23  inches. 

(751.)  Let  us  suppose  the  moon  only  to  act,  and  to  have  no 
orbitual  motion  ;  then  if  the  earth  also  had  no  diurnal  motion,  the 
ellipsoid  of  equilibrium  would  be  quietly  formed,  and  all  would 
be  thenceforward  tranquil.  There  is  never  time,  however,  for  this 
spheroid  to  be  fully  formed.  Before  the  waters  can  take  their 
level,  the  moon  has  advanced  in  her  orbit,  both  diurnal  and 
monthly,  (for  in  this  theory  it  will  answer  the  purpose  of  clearness 
better,  if  we  suppose  the  earth's  diurnal  motion  transferred  to  the 
sun  and  moon  in  the  contrary  direction,)  the  vertex  of  the  sphe- 
roid has  shifted  on  the  earth's  surface,  and  the  ocean  has  to  seek 
a  new  bearing.  The  effect  is  to  produce  an  immensely  broad  and 
excessively  flat  wave  (not  a  circulating  current)^  which  follows,  or 
endeavours  to  folfow,  the  apparent  motions  of  the  moon,  and 
must,  in  fact,  by  the  principle  of  forced  vibrations,  imitate,  by 
equal  though  not  by  synchronous  periods,  all  the  periodical  inequali- 
ties of  that  motion.  When  the  higher  or  low^r  parts  of  this  wave 
strike  our  coasts,  they  experience  what  we  call  high  and  low  water. 

(752.)  The  sun  also  produces  precisely  such  a  wave,  whose 
vertex  tends  to  follow  the  apparent  motion  of  .the  sun  in  the  hea- 
vens, and  also  to  imitate  its  periodic  inequalities.  This  solar 
wave  co-exists  with  the  lunar — is  sometimes  superposed  on  it, 
sometimes  transverse  to  it,  so  as  to  partly  neutralize  it,  according 
to  the  monthly  synodical  configuration  of  the  two  luminaries. 
This  alternate  mutual  reinforcement  and  destruction  of  the  solar 
and  lunar  tides  cause  what  are  called  the  spring  and  neap  tides — 
the  former  being  their  sum,  the  latter  their  difference.  Although 
the  real  amount  of  either  tide  is,  at  present,  hardly  within  the 
reach  of  exact  calculation,  yet  their  proportion  at  any  one  place  is 
probably  not  very  remote  from  that  of  the  ellipticities  which  would 
belong  to  .their  respective  spheroids,  could  an  equilibrium  be 
attained.  Now  these  ellipticities,  for  the  solar  and  lunar  sphe- 
roids, are  respectively  about  two  and  five  feet;  so  that  the  average 
spring  tide  will  be  to  the  neap  as  7  to  3,  or  thereabouts. 

(753.)  Another  effect  of  the  combination  of  the  solar  and  lunar 
tides  is  what  is  called  the  priming  and  lagging  of  the  tides.  If 
the  moon  alone  existed,  and  moved  in  the  plane  of  the  equator, 
the  tide-day  (t.  e.  the  interval  between  two  successive  arrivals  at 
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the  same  place  of  the  same  vertex  of  the  tide- wave)  would  be  the 
lunar  day  (art.  143),  formed  by  the  combination  of  the  moon's 
sidereal  period  and  that  of  the  earth's  diurnal  motion.  Similarly, 
did  the  sun  alone  exist,  and  move  always  on  the  equator,  the 
tide-day  would  be  the  mean  solar  day.  The  actual  tide-day, 
then,  or  the  interval  of  the  occurrence  of  two  successive  maxima 
of  their  superposed  waves,  will  vary  as  the  separate  waves  ap- 
proach to  or  recede  from  coincidence ;  because,  when  the  vertices 
of  two  waves  do  not  coincide,  their  joint  height  has  its  maximum 
at  a  point  intermediate  between  them.  This  variation  from  uni- 
formity in  the  lengths  of  successive  tide-days  is  particularly  to  be 
remarked  about  the  time  of  the  new  and  full  moon. 

(754.)  Quite  different  in  its  origin  is  that  deviation  of  the  time 
of  high  and  low  waterat  any  port  or  harbour,  from  the  culmina- 
tion of  the  luminaries,  or  of  the  theoretical  maximum  of  their 
superposed  spheroids,  which  is  called  the  <<  establishment"  of  that 
port.  If  the  water  were  without  inertia,  and  free  from  obstruction, 
either  owing  to  the  friction  of  the  bed  of  the  sea,  the  narrowness 
of  channels  along  which  the  wave  has  to  travel  before  reaching 
the  port,  their  length,  &c.  &c.,  the  times  above  distinguished 
would  be  identical.  But  all  these  causes  tend  to  create  a  differ- 
ence, and  to  make  that  diflerence  not  alike  at  all  ports.  The 
observation  of  the  establishments  of  harbours  is  a  point  of  great 
maritime  importance ;  nor  is  it  of  less  consequence,  theoretically 
speaking,  to  a  knowledge  of  the  true  distribution  of  the  tide- waves 
over  the  globe.  In  making  such  observations,  care  must  be  taken 
not  to  confound  the  time  of  <<  slack  water,"  when  the  current 
caused  by  the  tide  ceases  to  flow  visibly  one  way  or  the  pther, 
and  that  of  high  ot  low  watery  when  the  level  of  the  surface  ceases 
to  rise  or  fall.  These  are  totally  distinct  phenomena,  and  depend 
on  entirely  different  causes,  though  it  is  true  they  may  sometimes 
coincide  in  point  of  time.  They  are,  it  is  feared,  too  often  mis- 
taken one  for  the  other  by  practical  men  ;  a  circumstance  which, 
whenever  it  occurs,  roust  produce  the  greatest  confusion  in  any 
attempt  to  reduce  the  system  of  the  tides  to  distinct  and  intelli- 
gible laws. 

(755.)  The  declination  of  the  sun  and  moon  materially  affects 
the  tides  at  any  particular  spot.  As  the  vertex  of  the  tide- wave 
tends  to  place  itself  vertically  under  the  luminary  which  produces 
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it,  when  this  vertical  changes  its  point  of  incidence  on  the  suriace, 
the  tide- wave  must  tend  to  shift  accordingly,  and  thus,  by  monthly 
and  annual  periods,  must  tend  to  increase  and  diminish  alternately 
the  principal  tides.  The  period  of  the  moon's  nodes  is  thus  in- 
troduced into  this  subject ;  her  excursions  in  declination  in  one 
part  of  that  period  being  29<»,  and  in  another  only  17^,  on  either 
side  the  equator. 

(756.)  Geometry  demonstrates  that  the  efficacy  of  a  luminary 
in  raising  tides  is  inversely  proportional  to  the  cube  of  its  distance. 
The  sun  and  moon,  however,  by  reason  of  the  ellipticity  of  their 
orbits,  are  alternately  nearer  to  and  farther  from  the  earth  than  their 
mean  distances.  In  consequence  of  this>  the  efficacy  of  the  sun 
will  fluctuate  between  the  extremes  19  and  21,  taking  20  for  its 
mean  value,  and  that  of  the  moon  between  43  and  59.  Taking 
into  account  this  cause  of  difference,  the  highest  spring  tide  will 
be  to  the  lowest  neap  as  59+21  to  43  — 19,  or  as  80  to  24,  or  10 
to  3.  Of  all  the  causes  of  differences  in  the  height  of  tides  how- 
ever, local  situation  is  the  most  influential.  In  some  places  the 
tide-wave,  rushing  up  a  narrow  channel,  is  suddenly  raised  to  an 
extraordinary  height.  At  Annapolis,  for  instance,  in  the  Bay  of 
Fundy,  it  is  said  to  rise  ]20  feet.  Even  at  Bristol  the  difierence 
of  high  and  low  water  occasionally  amounts  to  50  feet 

(757.)  It  is  by  means  of  the  perturbations  of  the  planets,  as 
ascertained  by  observation  and  compared  with  theory,  that  we 
arrive  at  a  knowledge  of  the  masses  of  those  planets  which  having 
no  satellites,  offer  no  other  hold  upon  them  for  this  purpose. 
Every  planet  produces  an  amount  of  perturbation  in  the  motions 
of  every  other,  proportioned  to  its  mass,  and  to  the  degree  of 
advantage  or  purchase  which  its  situation  in  the  system  gives  it 
over  their  movements.  The  latter  is  a  subject  of  exact  calculation ; 
the  former  is  unknown,  otherwise  than  by  observation  of  its  effects. 
In  the  determination,  however,  of  the  masses  of  the  planets  by 
this  means,  theory  lends  the  greatest  assistance  to  observation,  by 
pointing  out  the  combinations  most  favourable  for  eliciting  this 
knowledge  from  the  confused  mass  of  superposed  inequalities 
which  affect  every  observed  place  of  a  planet ;  by  pointing  out 
the  laws  of  each  inequality  in  its  periodical  rise  and  decay  ;  and 
by  showing  how  every  particular  inequality  depends  for  its  magni- 
tude on  the  mass  producmg  it.    It  is  thus  that  the  mass  of  Jupiter 
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kself  (employed  by  Laplace  in  his  investigations,  and  interwoven 
with  all  the  planetary  tables)  has  been  ascertained,  by  observa* 
tions  of  the  derangements  produced  by  it  in  the  motions  of  the 
ultra-zodiacal  planets,  to  have  been  insufficiently  determined,  or 
rather  considerably  mistaken,  by  relying  too  much  on  observations 
of  its  satellites,  made  long  ago  by  Pound  and  others,  with  in- 
adequate instrumental  means.  The  same  conclusion  has  been 
arrived  at,  and  nearly  the  same  mass  obtained,  by  means  of  the 
perturbations  produced  by  Jupiter  on  Encke's  comet.  The  error 
was  one  of  great  importance  ;  the  mass  of  Jupiter  being  by  far  the 
most  influential  element  in  the  planetary  system,  after  that  of  the 
sun.  It  is  satisfactory,  then,  to  have  ascertained,  as  Mr.  Airy  has 
done,  the  cause  of  the  error ;  to  have  traced  it  up  to  its  source,  in 
insufficient  micrometric  measurements  of  the  greatest  elongations 
of  the  satellites ;  and  to  have  found  it  disappear  when  measures, 
taken  with  more  care  and  with  infinitely  superior  instruments,  are 
substituted  for  those  before  employed. 

(758.)  In  the  same  way  that  the  perturbations  of  the  planets 
lead  us  to  a  knowledge  of  their  masses,  as  compared  with  that  of 
the  sun,  so  the  perturbations  of  the  satellites  of  Jupiter  have  led, 
and  those  of  Saturn^s  attendants  will  no  doubt  hereafter  lead,  to  a 
knowledge  of  the  proportion  their  masses  bear  to  their  respective 
primaries.  The  system  of  Jupiter^s  satellites  has  been  elaborately 
treated  by  Laplace ;  and  it  is  from  his  theory,  compared  with  in- 
numerable observations  of  their  eclipses,  that  the  masses  assigned 
to  them,  in  art.  540,  have  been  fixed.  Few  results  of  theory  are 
more  surprising  than  to  see  these  minute  atoms  weighed  in  the 
same  balance,  which  we  have  applied  to  the  ponderous  mass  of 
the  sun,  which  exceeds  the  least  of  them  in  the  enormous  propor- 
tion of  65000000  to  1. 

(759.)  The  mass  of  the  moon  is  concluded,  1st,  from  the  pro- 
portion of  the  lunar  to  the  solar  tide,  as  observed  at  various  stations, 
the  effects  being  separated  from  each  other  by  a  long  series  of 
observations  of  the  relative  heights  of  spring  and  neap  tides  which, 
we  have  seen,  (art.  752,)  depends  on  the  proportional  influence  of 
the  two  luminaries.  2dly,  from  the  phenomenon  of  nutation, 
which,  being  the  result  of  the  moon's  attraction  alope,  afibrds  a 
means  of  calculating  her  mass,  independent  of  any  knowledge  of 
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the  sun^s.    Both  methods  agree  Id  assigning  to  our  satellite  a  mass 
about  one  serenty-fifth  that  of  the  earth.* 

(760.)  Not  only,  however,  has  a  knowledge  of  the  perturbations 
produced  on  other  bodies  of  our  system  enabled  us  to  estimate 
the  mass  of  a  disturbing  body  already  known  to  exist,  and  to  pro* 
duce  disturbance.  It  has  done  much  more,  and  enabled  geometers  to 
satisfy  themselves  of  the  existence,  and  even  to  indicate  the  situa- 
tion of  a  planet  previously  unknown,  with  such  precision,  as  to 
lead  to  its  immediate  discovery  on  the  very  first  occasion  of  point- 
ing a  telescope  to  the  place  indicated.  We  have  already  (art 
606,)  had  occasion  to  mention  in  general  terms  this  great  dis- 
covery ;  but  its  importance,  and  its  connexion  with  the  subject 
before  us,  calls  for  a  more  specific  notice  of  the  circumstances 
attending  it.  When  the  regular  observation  of  Uranus,  consequent 
on  its  discovery  in  1781,  had  afforded  some  certain  knowledge  of 
the  elements  of  its  orbit,  it  became  possible  to  calculate  backwards 
into  time  past,  with  a  view  to  ascertain  whether  certain  stars  of 
about  the  same  apparent  magnitude,  observed  by  Flamsteed,  and 
since  reported  as  missings  might  not  possibly  be  this  planet.  No 
less  than  six  ancient  observations  of  it  as  a  supposed  star  were 
thus  found  to  have  been  recorded  by  that  astronomer,— -one  in 
1690,  one  in  1712,  and  four  in  1715.  On  further  inquiry,  it  was 
also  ascertained  to  have  been  observed  by  Bradley  in  1753,  by 
Mayer  in  1756,  and  no  less  than  twelve  times  by  Le  Monnier,  in 
1750,  1764,  1768,  1769,  and  1771,  all  the  time  without  the  least 
suspicion  of  its  planetary  nature.  The  observations,  however,  so 
made,  being  all  circumstantially  registered,  and  made  with  instru- 
ments the  best  that  their  respective  dates  admitted,  were  quite 
available  for  correcting  the  elements  of  the  orbit,  which,  as  will 
be  easily  understood,  is  done  with  so  much  the  greater  precision 
the  larger  the  arc  of  the  ellipse  embraced  by  the  extreme  observa- 
tions employed.  It  was,  therefore,  reasonably  hoped  and  expected, 
that,  by  making  use  of  the  data  thus  afforded,  and  duly  allowing 
for  the  perturbations  produced  since  1690,  by  Saturn,  Jupiter,  and 
the  inferior  planets,  elliptic  elements  would  be  obtained,  which 
taken  in  conjunction  with  those  perturbations,  w*ould  represent  not 
only  all  the  observations  up  to  the  time  of  executing  (he  calcula- 

*  Laplace,  Expoi.  da  Syst  du  Monde,  pp.  285,  300. 
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tionSy  but  also  all  future  observations,  in  as  satisfactory  a  manner 
as  those  of  any  of  the  other  planets  are  actually  represented.  This 
expectation,  however,  proved  delusive.  M.  Bouvard,  one  of  the 
most  expert  and  laborious  calculators  of  whom  astronomy  has  had 
to  boast,  and  to  whose  zeal  and  indefatigable  industry  we  owe  the 
tables  of  Jupiter  and  Saturn  in  actual  use,  having  undertaken  the 
task  of  constructing  similar  tables  for  Uranus,  found  it  imposeibls 
to  reconcile  the  ancient  observations  above  mentioned  with  those 
made  from  1781  to  1820,  so  as  to  represent  both  series  by  means 
of  the  same  ellipse  and  the  same  system  of  perturbations.  He 
therefore  rejected  altogether  the  ancient  series,  and  grounded  his 
computations  solely  on  the  modern,  although  evidently  not  with* 
out  serious  misgivings  as  to  the  grounds  of  such  a  proceeding, 
and  «  leaving  it  to  future  time  to  determine  whether  the  difficulty 
of  reconciling  the  two  series  arose  from  inaccuracy  in  the  older 
bbservations,  or  whether  it  depend  on  some  extraneous  and  unper- 
ceived  influence  which  may  have  acted  on  the  planet.'' 

(761.)  But  neither  did  the  tables  so  calculated  continue  to  re- 
present, with  due  precision,  observations  subsequently  made.  The 
«  error  of  the  tables"  afler  attaining  a  certain  amount,  by  which 
the  true  longitude  of  Uranus  was  in  advance  of  the  computed, 
and  which  advance  was  steadily  maintained  from  about  the  year 
1795  to  1822,  began,  about  the  latter  epoch,  rapidly  to  diminish, 
till,  in  1830—31,  the  tabular  and  observed  longitudes  agreed. 
But,  far  from  remaining  in  accordance,  the  planet,  still  losing 
ground,  fell,  and  continued  to  fall  behind  its  calculated  place,  and 
that  with  such  rapidity  as  to  make  it  evident  that  the  existing 
tables  could  no  longer  be  received  as  representing,  with  any 
tolerable  precision,  the  true  laws  of  its  motion. 

(762.)  The  reader  will  easily  understand  the  nature  and  pro- 
gression of  these  discordancies  by  casting  his  eyes  on  fig.  1,  Plate 
A,  in  which  the  horizontal  line  or  abscissa  is  divided  into  equal 
parts,  each  representing  50°  of  heliocentric  longitude  in  the  motion 
of  Uranus  round  the  sun,  and  in  which  the  distances  between  the 
horizontal  lines  represent  each  100"  of  error  in  longitude.  The 
result  of  each  year's  observation  of  Uranus  (or  of  the  mean  of  all 
the  observations  obtained  during  that  year)  in  longitude,  is  repre- 
sented by  a  black  dot  placed  above  or  below  the  point  of  the 
abscissa^  corresponding  to  the  mean  of  the  observed  longitudes  for 
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the  year  above,  if  the  observed  longitude  be  in  excess  of  the  cal- 
culated, below  if  it  fall  short  of  it,  and  on  the  line  if  they  agree ; 
and  at  a  distance  from  the  line  corresponding  to  their  difference 
on  the  scale  above  mentioned.*  Thus  in  Flamsteed's  earliest 
observations  in  1690,  the  dot  so  marked  is  placed  above  the  line 
at  65"*9  above  the  line,  the  observed  longitude  being  so  much 
greater  than  the  calculated. 

(763.)  If,  neglecting  the  individual  points,  we  draw  a  curve 
(indicated  in  the  figure  by  a  fine  unbroken  line)  through  their 
general  course,  we  shall  at  once  perceive  a  certain  regularity  in 
its  undulations.  It  presents  two  great  elevations  above,  and  one 
nearly  as  great  intermediate  depression  below  the  medial  line  or 
abscissa.  And  it  is  evident  that  these  undulations  would  be  very 
much  reduced,  and  the  errors  in  consequence  greatly  palliated,  if 
each  dot  were  removed  in  the  vertical  direction  through  a  distance 
and  in  the  direction  indicated  by  the  corresponding  point  of  the 
curve  A,  B,  C,  D,  £,  F,  G,  H,  intersecting  the  abscissa  at  points 
ISO^'  distant,  and  making  equal  excursions.on  either  side.  Thus 
the  point  a  for  1750  being  removed  upwards  or  in  the  direction 
towards  h  through  a  distance  equal  to  c  6  would  be  brought  almost 
to  precise  coincidence  with  the  point  e  in  the  abscissa.  Now,  this 
is  a  clear  indication  that  a  very  large  part  of  the  differences  in 
question  are  due,  not  to  perturbation,  but  simply  to  error  in  the 
elements  of  Uranus  which  have  been  assumed  as  the  basis  of  cal- 
culation. For  such  excesses  and  defects  of  longitude  alternating 
over  arcs  of  180°  are  precisely  what  would  arise  from  error  in  the 
excentricity,  or  in  the  place  of  the  perihelion,  or  in  both.  In 
ellipses  slightly  excentric,  the  true  longitude  alternately  exceeds 
and  falls  short  of  the  mean  during  180°  for  each  deviation,  and 
the  greater  the  excentricity,  the  greater  these  alternate  fluctuations 
to  and  fro.  If  then  the  excentricity  of  a  planet's  orbit  be  assumed 
erroneously  (suppose  too  great)  the  observed  longitudes  will  ex- 
hibit a  less  amount  of  such  fluctuation  above  and  below  the  mean 
than  the  computed,  and  the  difference  of  the  two,  instead  of  being, 

*  The  points  are  laid  down  from  M.  LeTerricr's  comparison  of  the  whole  seriea 
of  ohaenrations  of  Uranus,  with  an  epbemeris  of  his  own  calculation,  founded  aa. 
a  complete  and  searching  revision  of  the  tables  of  Bouvard,  and  a  rigorous  com- 
putation of  the  perturbations  caused  by  all  the  known  planets  capable  of  exercise 
ing  anj  influence  on  it  The  differences  of  longitude  are  geocentric,  but  for  our 
present  purpose  it  matters  not  in  the  least  whether  we  consider  the  errors  in  hello* 
centric  or  in  geocentric  longitude. 
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as  it  ought  to  be,  always  nily  will  be  alternately  +  and  —  over 
arcs  of  180°.  If  then  a  difference  be  observed  following  such  a 
law,  it  may  arrive  from  erroneously  assumed  excentricity,  provided 
always  the  longitudes  at  which  they  agree  (supposed  to  differ  by 
180^)  be  coincident  with  those  of  the  perihelion  and  aphelion; 
for  in  elliptic  motion  nearly  circular,  these  are  the  points  where  the 
mean  and  true  longitudes  agree,  so  that  any  fluctuation  of  the 
nature  observed,  if  this  condition  be  not  satisfied,  cannot  arise 
from  error  of  excentricity.  Now  the  longitude  of  the  perihelion 
of  Uranus  in  the  elements  employed  by  Bouvard  is  (neglecting 
fractions  of  a  degree)  168^,  and  of  the  aphelion  348^.  These 
points  then,  in  our  figure,  fall  at  tty  and  ^  respectively,  that  is  to 
say,  nearly  half  way  between  A  C,  C  E,  E  G,  &c.  It  is  evident 
therefore  that  it  is  not  to  error  of  excentricity  that  the  fluctuation 
in  question  is  mainly  due. 

(764.)  Let  us  now  consider  the  effect  of  an  erroneous  assump- 
tion of  the  place  of  the  perihelion.  Suppose  in  fig.  2,  Plate  A, 
oar  to  represent  the  longitude  of  a  planet,  and  xyihe  excess  of  its 
true  above  its  mean  longitude,  due  to  ellipticity.  Then  if  R  be 
the  place  of  the  perihelion,  and  P,  or  T,  the  aphelion  in  longitude, 
y  will  always  lie  in  a  certain  undulating  curve  P  Q  R  S  T,  above* 
P  T,  between  R  and  T,  and  below  it  between  P  and  R.  Now 
suppose  the  place  of  the  perihelion  shifted  forward  to  r,  or  the 
whole  curve  shifted  bodily  forward  into  the  siiMaiionpqrsty  then 
at  the  same  longitude  ox^  the  excess  of  the  true  above  the  mean 
longitude  will  he  xy^  only ;  in  other  words,  this  excess  will  have 
diminished  by  the  quantity  y  y*  below  its  former  amount.  Take 
therefore  in  o  N  {fig.  3,  PL  k)  oy  ^ox  and  y y*  always  =  y y 
in  fig.  2,  and  having  thus  constructed  the  curve  K  L  M  N  0,  the 
ordinate  yy*  will  always  represent  the  effect  of  the  supposed  change 
of  perihelion.  It  is  evident  (the  excentricity  being  always  sup- 
posed small),  that  this  curve  will  consist  also  of  alternate  superior 
and  inferior  waves  of  180^  each  in  amplitude,  and  the  points  L, 
N  of  its  intersection  with  the  axis  will  occur  at  longitudes  corre- 
sponding to  X,  Y  intermediate  between  the  maxima  Q,  q;  and  S,  s 
of  the  original  curves,  that  is  to  say  (if  these  intervals  Q  ?,  S  5,  or 
R  r  to  which  both  are  equal,  be  very  small)  very  nearly  at  90°  from 
the  perihelion  and  aphelion.    Now  this  agrees  with  the  conditions 

*  The  curres,  figs.  2»  3,  aire  inTerted  in  Uie  engraviDg. 
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of  the  case  in  hand,  and  we  are  therefore  authorized  to  conclude 
that  the  major  portion  of  the  errors  in  question  has  arisen  from 
error  in  the  place  of  the  perihelion  of  Uranus  itself,  and  not  from 
perturbation,  and  that  to  correct  this  portion,  the  perihelion  must 
be  shifted  somewhat  forward.  As  to  the  amount  of  this  shifling, 
our  only  object  being  explanation,  it  will  not  be  necessary  here  to 
inquire  into  it.  It  will  suflSce  that  it  must  be  such  as  shall  make 
the  curve  ABCDEFGas  nearly  as  possible  similar,  equal,  and 
opposite  to  the  curve  traced  out  by  the  dots  on  the  other  side. 
And  this  being  done,  we  may  ne±t  proceed  to  lay  down  a  curve 
of  the  residual  differences  between  observation  and  theory  in  the 
mode  indicated  in  art.  763. 

(765.)  This  being  done,  by  laying  off  at  each  point  of  the  line 
of  longitudes  an  ordinate  equal  to  the  difference  of  the  ordinates 
of  the  two  curves  in  fig.  1,  when  on  opposite,  and  their  sum  when 
on  the  same  side  of  the  abscissa,  the  result  will  be  as  indicated  by 
the  dots  in  fig.  4.     And  here  it  is  at  once  seen  that  a  still  farther 
reduction  of  the  differences  under  consideration  would  result,  if, 
instead  of  taking  the  line  A  B  for  the  line  of  longitudes,  a  line  a  b 
slightly  inclined  to  it  were  substituted,  in  which  case  the  whole  of 
the  differences  between  observation  and  theory  from  1712  to  1800 
would  be  annihilated,  or  at  least  so  far  reduced  as  hardly  to  ex* 
ceed  the  ordinary  errors  of  observation ;  and  as  respects  the  obser- 
vation of  1690,  the  still  outstanding  difference  of  about  35"  would 
not  be  more  than  might  be  attributed  to  a  not  very  careful  obser- 
vation at  so  early  an  epoch.    Now  the  assumption  of  such  a  new 
line  of  longitudes  as  the  correct  one  is  in  effect  equivalent  to  the 
admission  of  a  slight  amount  of  error  in  the  periodic  time  and 
epoch  of  Uranus ;   for  it  is  evident  that  by  reckoning  from  the 
inclined  instead  of  the  horizontal  line,  we  in  effect  alter  all  the 
apparent  outstanding  errors  by  an  amount  proportional  to  the  time 
before  or  after  the  date  at  which  the  two  lines  intersect  (viz.  about 
1789).     As  to  the  direction  in  which  this  correction  should  be 
made,  it  is  obvious  by  inspection  of  the  course  of  the  dots,  that  if 
we  reckon  from  A  B,  or  any  line  parallel  to  it,  the  observed. pldnet 
on  the  long  run  keeps  falling  more  and  more  behind  the  calculated 
one ;  t.  e.  its  assigned  mean  angular  velocity  by  the  tables  is  too 
great  and  must  be  diminished^  or  its  periodic  time  requires  to  be 
increased. 
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(766.)  Let  this  increase  of  period  be  made,  and  in  correspon* 
dence  with  that  change  let  the  longitudes  be  reckoned  on  a  6,  and 
the  residual  differences  from  that  line  instead  of  A  B,  and  we  shall 
have  then  done  all  that  can  be  done  in  the  way  of  reducing  and 
palliating  these  differences,  and  that,  with  such  success,  that  up  to 
the  year  1804  it  might  have  been  safely  asserted  that  positively  no 
ground  whatever  existed  for  suspecting  any  disturbing  influence. 
But  with  this  epoch  an  action  appears  to  have  commenced,  and 
gone  on  increasing,  producing  an  acceleration  of  the  motion  in 
longitude,  in  consequence  of  which,  Uranus  continually  gains  on 
its  elliptic  place,  and  continued  to  do  so  till  1822,  when  it  ceased 
to  gain,  and  the  excess  of  longitude  was  at  its  maximum,  ailer 
which  it  began  rapidly  to  lose  ground,  and  has  continued  to  do  so 
up  to  the  present  time.  It  is  perfectly  clear,  then,  that  in  this 
interval  some  extraneous  cause  must  have  come  into  action  which 
was  not  so  before,  or  not  in  sufficient  power  to  manifest  itself  by 
any  marked  effect,  and  that  that  cause  must  have  ceased  to  act,  or 
rather  begun  to  reverse  its  action,  in  or  about  the  year  1822,  the 
reverse  action  being  even  more  energetic  than  the  direct. 

(767.)  Such  is  the  phenomenon  in  the  simplest  form  we  are 
now  able  to  present  it.  Of  the  various  hypotheses  formed  to 
account  for  it,  during  the  progress  of  its  development,  none 
seemed  to  have  any  degree  of  rational  probability  but  that  of  the 
existence  of  an  exterior,  and  hitherto  undiscovered,  planet,  dis* 
turbing,  according  to  the  received  laws  of  planetary  disturbance, 
the  motion  of  Uranus  by  its  attraction,  or  rather  superposing  its 
disturbance  on  those  produced  by  Jupiter  and  Saturn,  the  only  two 
of  the  old  planets  which  exercise  any  sensible  disturbing  action  on 
that  planet.  Accordingly,  this  was  the  explanation  which  natu- 
rally, and  almost  of  necessity,  suggested  itself  to  those  conversant 
with  the  planetary  perturbations  who  considered  the  subject  with 
any  degree  of  attention..  The  idea,  however,  of  setting  out  from 
the  observed  anomalous  deviations,  and  employing  them  as  data 
to  ascertain  the  distance  and  situation  of  the  unknown  body,  or, 
in  other  words,  to  resolve  the  inverse  problem  of  perturbations, 
<<  given  the  disturbances  to  find  the  orbity  and  place  in  that  orbit  of 
the  disturbing  planet,^^  appears  to  have  occurred  only  to  two 
mathematicians,  Mr.  Adams  in  England  and  M.  Leverrier  in 
France,  with  sufficient  distinctness  and  hopefulness  of  success  to 
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induce  them  to  attempt  its  solution.  Both  succeeded,  and  their 
solutions^  arrived  at  with  perfect  independence,  and  by  each  in 
entire  ignorance  of  the  other's  attempt,  were  found  to  agree  in  a 
surprising  manner  when  the  nature  and  diffi(;ulty  of  the  problem  is 
considered;  the  calculations  of  M.  Leverrier  assigning  for  the 
heliocentric  longitude  of  the  disturbing  planet  for  the  23d  Sept. 
1846,  326^  0',  and  those  of  Mr.  Adams  (brought  to  the  same  date) 
329^  19',  differing  only  3^  19';  the  plane  of  its  orbit  deviating 
very  slightly^  if  at  all,  from  that  of  the  ecliptic. 

(768.)  On  the  day  above  mentioned — a  day  for  ever  memorable 
in  the  annals  of  astronomy — Dr.  Galle,  one  of  the  astronomers  of 
the  Royal  Observatory  at  Berlin,  received  a  letter  from  M.  Lever- 
rier, announcing  to  him  the  result  he  had  arrived  at,  and  request- 
ing him  to  look  for  the  disturbing  planet  in  or  near  the  place 
assigned  by  his  calculation.  He  did  so,  and  an  that  very  night 
actually  found  it.  A  star  of  the  eighth  magnitude  was  seen  by 
him  and  by  M.  Encke  in  a  situation  where  no  star  was  marked  as 
existing  in  Dr.  Bremiker's  chart,  then  recently  published  by  the 
Berlin  Academy.  The  next  night  it  was  found  to  have  moved 
from  its  place,  and  was  therefore  assuredly  a  planet.  Subsequent 
observations  and  calculations  have  fully  demonstrated  this  planet, 
to  which  the  name  of  Neptune  has  been  assigned,  to  be  really  that 
body  to  whose  disturbing  attraction,  according  to  the  Newtonian 
law  of  gravity,  the  observed  anomalies  in  the  motion  of  Uranus 
were  owing.  The  geocentric  longitude  determined  by  Dr.  Galle 
from  this  observation  was  325^  53',  which,  converted  into  helio- 
centric, gives  326^  52',  differing  0°  52'  from  M.  Leverrier's  place, 
2^  27'  from  that  of  Mr.  Adams,  and  only  47'  from  a  mean  of  the 
two  calculations. 

(769.)  It  would  be  quite  beyond  the  scope  of  this  work,  and 
far  in  advance  of  the  amount  of  mathematical  knowledwe  we  have 
assumed  our  readers  to  possess,  to  attempt  giving  more  than  a 
superficial  idea  of  the  course  followed  by  these  geometers  in  their 
arduous  investigations.  Suffice  it  to  say,  that  it  consisted  in  re- 
garding, as  unknown  quantities,  to  be  determined,  the  mass,  and 
all  the  elements  of  the  unknown  planet  (supposed  to  revolve  in 
the  same  plane  and  the  same  direction  with  Uranus),  except  its 
major  semiaxis.  This  was  assumed  in  the  first  instance  (in  con- 
formity with  <<  Bode's  law,''  art.  505,  and  certainly  at  the  time 
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with  a  high  primd  facie  probability,)  to  be  double  that  of  Uranus, 
or  38*364  radii  of  the  Earth's  orbit.  Without  some  assumption  as 
to  the  value  of  this  element,  owing  to  the  peculiar  form  of  the 
analytical  expression  of  the  perturbations,  the  analytical  investiga- 
tion would  have  presented  difficulties  apparently  insuperable.  But 
besides  these,  it  was  also  necessary  to  regard  as  unknown,  or  at 
least  as  liable  to  corrections  of  unknown  magnitude  of  the  same 
order  as  the  perturbations,  all  the  elements  of  Uranus  itself,  a  cir- 
cumstance whose  necessity  will  easily  be  understood,  when  we 
consider  that  the  received  elements  could  only  be  regarded  as 
provisional,  and  must  certainly  be  erroneous,  the  places  from 
which  they  were  obtained  being  afiected  by  at  least  some  portions 
of  the  very  perturbations  in  question.  This  consideration,  though 
indispensable,  added  vastly  both  to  the  complication  and  the 
labour  of  the  inquiry.  The  axis  (and  therefore  the  mean  motion) 
of  the  one  orbit,  then,  being  known  very  nearly,  and  that  of  the 
other  thus  hypothetically  assumed,  it  became  practicable  to  express 
in  terms,  partly  algebraic,  partly  numerical,  the  amount  of  pertur- 
bation at  any  instant,  by  the  aid  of  general  expressions  delivered 
by  Laplace  in  his  ^^  M^chanique  C^leste^^  ernd  elsewhere.  These, 
then,  together  with  the  corrections  due  to  the  altered  elements  of 
Uranus  itself,  being  applied  to  the  tabular  longitudes,  furnished, 
when  compared  with  those  observed,  a  series  of  equations^  in  which 
the  elements  and  mass  of  Neptune,  and  the  corrections  of  those  of 
Uranus  entered  as  the  unknown  quantilieSy  and  by  whose  resolution 
(no  slight  effort  of  analytical  skill)  all  their  values  were  at  length 
obtained.  The  calculations  were  then  repeated,  reducing  at  the 
same  time  the  value  of  the  assumed  distance  of  the  new  planet, 
the  discordances  between  the  given  and  calculated  results  indi- 
cating it  to  have  been  assumed  too  large  when  the  results  were 
found  to  agree  better,  and  the  solutions  to  be,  in  fact,  more  satis- 
factory. Thus,  at  length,  elements  were  arrived  at  for  the  orbit  of 
the  unknown  planet,  as  below. 


Lsfvnter. 

AdABU. 

Epoch  of  Elements         -       _       -       -       - 
Irlean  longiiude  in  Epoch       -       -       .       . 
Semiaxift  Major      ------ 

Excentricity    ------- 

Loiip:itade  of  Perihelion  -       •       -       -       - 
Mass  (the  JSnn  being  1)  - 

Jan.  1.  1847. 

818°  47'  4 

861589 

0-107610 

284°  46'  8 

0-000107a7 

Oct.  6.  1846. 

828°  2- 

87-2474 

0120615 

299°  11' 

0*00015008 
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The  elements  of  M.  Leverrier  were  obtained  from  a  consideration 
of  the  observations  up  to  the  year  1846,  those  of  Mr.  Adams,  only 
as  far  as  1840.  On  subsequently  taking  into  account,  however, 
those  of  the  five  years  up  to  1845,  the  latter  was  led  to  conclude 
that  the  semiaxis  ought  to  be  still  much  further  diminished,  and 
that  a  mean  distance  of  33*33  (being  to  that  of  Uranus  as  1 :  0*574) 
would  probably  satisfy  all  the  observations  very  nearly.* 

(770.)  On  the  actual  discovery  of  the  planet,  it  was,  of  course, 
assiduously  observed,  and  it  was  soon  ascertained  that  a  mean 
distance,  even  less  than  Mr.  Adams's  last  presumed  value,  agreed 
better  with  its  motion;  and  no  sooner  were  elements  obtained 
from  direct  observation,  sufficiently  approximate  to  trace  back  its 
path  in  the  heavens  for  a  considerable  interval  of  time,  than  it  was 
ascertained  to  have  been  observed  as  a  star  by  Lalande  on  the  8th 
and  10th  of  May,  1795,  the  latter  of  the  two  observations,  how- 
ever, having  been  rejected  by  him  as  faulty,  by  reason  of  its  non- 
agreement  with  the  former  (a  consequence  of  the  motion  of  the 
planet  in  the  interval).  From  these  observations,  combined  with 
those  since  accumulated,  the  elements  calculated  by  Prof.  Walker, 
U.  S.,  result  as  follows: — 

Epoch  of  Elements      ....  Jan.  1, 1847,  M.  noon,  Greenwich. 

Mean  Longitude  at  Epoch    -       -       -  328o  32' 44"  2 

Semiaxis  major    -----      80*0367 

Excentricity,        -----        000871946 

Longitude  of  the  Perihelion         -       -      47o  12'  6"-50 

Ascending  Node,  -       -       -       -  130°  4' 20"-81 

Inclination P  46' 68'"97 

Periodic  time        -----  164-6181  tropical  year. 
Mean  annual  Motion     -       -       -       -       2°-18688 

(771.)  The  great  disagreement  between  these  elements  and 
those  assigned  either  by  M.  Leverrier  or  Mr.  Adams  will  not  fail 
to  be  remarked ;  and  it  will  naturally  be  asked  how  it  has  come 
to  pass,  that  elements  so  widely  different  from  the  truth  should 
afford  anything  like  a  satisfactory  representation  of  the  perturba- 
tion in  question,  and  that  the  true  situation  of  the  planet  in  the 
heavens  should  have  been  so  well,  and  indeed  accurately,  pointed 
out  by  them.  As  to  the  latter  point,  any  one  may  satisfy  himself 
by  half  an  hour's  calculation  that  both  sets  of  elements  do  really 
place  the  planet,  on  the  day  of  its  discovery,  not  only  in  the  longi- 
tudes assigned  in  art.  763,  t.  e,  extremely  near  its  apparent  place, 

*  In  a  letter  to  the  Astronomer  Royal,  dated  Sept  2, 1846, — t.  e.  three  weekfl 
preTioQi  to  the  optical  duoorery  of  the  planet 
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but  also  at  a  distance  from  the  Sun  very  much  more  approximately 
correct  than  the  mean  distances  or  semiaxes  of  the  respective 
orbits.  Thus  the  radius  vector  of  Neptune,  calculated  from  M. 
Leverrier's  elements  for  the  day  in  question,  instead  of  36*1539 
(the  mean  distance)  comes  out  almost  exactly  33  ;  and  indeed,  if 
we  consider  that  the  excentricity  assigned  by  those  elements  gives 
for  the  perihelion  distance  32*2634,  the  longitude  assigned  to  the 
perihelion  brings  the  whole  arc  of  the  orbit  (more  than  83^),  de- 
scribed in  the  interval  from  1806  to  1847  to  lie  within  42^  one 
way  or  the  other  of  the  perihelion,  and  therefore,  during  the  whole 
of  that  interval,  the  hypothetical  planet  would  be  moving  within 
limits  of  distance  from  the  sun,  32*6  and  33-0.  The  following 
comparative  tables  of  thq  relative  situations  of  Uranus,  the  real 
and  hypothetical  planet,  will  exhibit  more  clearly  than  any  length- 
ened statement,  the  near  imitation  ot  the  motion  of  the  former  by 
the  latter  within  that  interval.     The  longitudes  are  heliocentric* 


UraniUi 

Neptone. 

Lererrier. 

Adami. 

A.D. 

Long. 

Long. 

Rad.Veo. 

Long. 

Rad.Vee. 

Long. 

Rftd.  Veo. 

1806-0 

1970-8 

2360-9 

30-8 

24r-2 

88-1 

246^-S 

84-2 

18100 

220-9 

2470 

80-3 

251-1 

32-8 

256-9 

83-7 

18150 

243-2 

258-0 

30-8 

261-2 

82-6 

266-6 

88-8 

1820-0 

264-7 

268-8 

80-2 

271-4 

82-4 

275-4 

88-1 

21-0 

269-0 

271-0 

80-2 

278-6 

82-8 

277-4 

83-0 

22-0 

273-8 

278-2 

30-2 

276-6 

32-8 

2796 

33-0 

28-0 

277-6 

276-8 

80-2 

277-6 

82-8 

281-5 

82-9 

24-0 

281-8 

277-4 

80-2 

279-7 

82-8 

283.6 

82-9 

1826-0 

265-8 

279-6 

30-2 

281-8 

82-8 

286.6 

82-8 

18300 

306-1 

290  6 

801 

292-1 

82-8 

296  0 

82-8 

1835-0 

8260 

801-4 

80-1 

802-6 

82-4 

806-8 

82-8 

1840-0 

346-7 

812-2 

801 

812-6 

82-6 

316-8 

82*9 

1845-0 

865-3 

828-1 

80-0 

822-6 

82-9 

826-0 

83-1 

1847.0 

3733 

327-6 

800 

826-6 

831 

329-8 

88-2 

(772-)  From  this  comparison  it  will  be  seen  that  Uranus  arrived 
at  its  conjunction  with  Neptune  at  or  immediately  before  the  coqi- 
mencement  of  1822,  with  the  calculated  planet  of  Leverrier  at  the 
beginning  of  the  following  year  1823,  and  with  that  of  Adams 
about  the  end  of  1824.  Both  the  theoretical  planets^  and  espe- 
cially that  of  M.  Leverrier,  therefore,  during  the  whole  of  the 
above  interval  of  time,  so  far  as  the  directions  of  their  atti:active 

*  The  calculatioM  are  carried  only  to  tenths  of  degrees,  as  quite  sufficient  for 
the  object  in  view. 
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1806. 

Conjunction.  1845. 

1 

19640 

27540 

7608    82390 

1 

14496 

80244 

6619   28810 

1   . 

20837 

5193    19085 
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forces  on  Uranus  are  concerned,  would  act  nearly  on  it  as  the  true 
planet  must  have  done.  As  regards  the  intensity  of  the  relative 
disturbing  forces,  if  we  estimate  these  by  the  principles  of  art. 
612,  at  the  epochs  of  conjunction,  and  for  the  commencement  of 
1805  and  1845,  we  find  for  the  respective  denominators  of  the 
fractions  of  the  sun's  attraction  on  Uranus  regarded  as  unity,  which 
express  the  total  disturbing  force,  N  S,  in  each  case,  as  below  : 


_  Peirce*6  mass 
Keptnne  with 

Leverricr's  theoretical  Planet,  mass    ,,_.,^ 

The  masses  here  assigned  to  Neptune  are  those  respectively 
deduced  by  Prof.  Peirce  and  M.  Struve  from  observations  of 
the  satellite  discovered  by  Mr.  Lassell  made  with  the  large  tele- 
scopes of  Fraunhofer  in  the  observatories  of  Cambridge,  U.  S. 
and  Pulkova  respectively.  These  it  will  be  perceived  differ  very 
considerably,  as  might  reasonably  be  expected  in  the  results  of 
micrometrical  measurements  of  such  difficulty,  and  it  is  not  pos- 
sible at  present  to  say  to  which  the  preference  ought  to  be  given. 
As  compared  with  the  mass  assigned  by  M.  Struve,  an  agreement 
on  the  whole  more  satisfactory  could  not  have  been  looked  for 
within  the  interval  immediately  in  question. 

(773.)  Subject  then  to  this  uncertainty  as  to  the  real  mass  of 
Neptune,  the  theoretical  planet  of  Leverrier  must  be  considered  as 
representing  with  quite  as  much  fidelity  as  could  possibly  be  ex- 
pected in  a  research  of  such  exceeding  delicacy,  the  particulars 
of  its  motion  and  perturbative  action  during  the  forty  years  elapsed 
from  1805  to  1845,  an  interval  which  (as  is  obvious  from  the  rapid 
diminution  of  the  forces  on  either  side  of  the  conjunction  indicated 
by  the  numbers  here  set  down)  comprises  all  the  most  influential 
range  of  its  action.  This  will,  however,  be  placed  in  full  evidence 
by  the  construction  of  curves  representing  the  normal  and  tangen- 
tial forces  on  the  principles  laid  down  (as  far  as  the  normal  consti- 
tuent is  concerned)  in  art.  717,  one  slight  change  only  being  made, 
which,  for  the  purpose  in  view,  conduces  greatly  to  clearness  of 
conception.  The  force  ls  (in  the  figure  of  that  article)  being 
supposed  applied  at  P  in  the  direction  l  s,  we  here  construct  the 
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curve  of  the  normal  force  by  erecting  at  P  {fg.  5,  Plate  A)  P  W 
always  perpendicular  to  the  disturbed  orbit^  A  P,  at  P,  measured 
from  P  in  the  same  direction  that  S  lies  from  L,  and  equal  in 
length  to  L  S.    P  W  then  will  always  represent  both  the  direc- 
tion and  magnitude  of  the  normal  force  acting  at  P.     And  in  like 
manner,  if  we  take  always  P  Z  on  the  tangent  to  the  disturbed 
orbit  at  P,  equal  to  N  L  of  the  former  figure,  and  measured  in  the 
same  direction  from  P  that  L  is  from  N,  P  Z  will  represent  both  in 
magnitude  and- direction  the  tangential  force  acting  at  P.     Thus 
will  be  traced  out  the  two  curious  ovals  represented  in  our  figure 
of  their  proper  forms  and  proportions  for  the  case  in  question. 
That  expressing  the  normal  force  is  formed  of  four  lobes,  having 
a  common  point  in  S,  vip.,  SWf7)XSaS7iS6SWy  and  that 
expressing  the  tangential,  AZc^BedYAZ,  consisting  of  four 
mutually  intersecting  loops,  surrounding  and  touching  the  dis- 
turbed orbit  in  four  points,  A  B  c  d.    The  normal  force  acts  out- 
wards over  all  that  part  of  the  orbit,  both  in  conjunction  and 
opposition,  corresponding  to  the  portions  of  the  lobes  m,  n,  exterior 
to  the  disturbed  orbit,  and  inwards  in  every  other  part.    The 
figure  sets  in  a  clear  light  the  great  disproportion  between  the 
energy  of  this  force  near  the  conjunction,  and  in  any  other  con- 
figuration of  the  planets;  its  exceedingly  rapid  degradation  as  P 
approaches  the  point  of  neutrality  (whose  situation  is  35^  5'  on 
either  side  of  the  conjunction,  an  arc  described  synodicallf  by 
Uranus  in   16^-72) ;  and  the  comparatively  short  duration  and 
consequent  inefficacy  to  produce  any  great  amount  of  perturbation, 
of  the  more  intense  part  of  its  inward  action  in  the  small  portions 
of  the  orbit  corresponding  to  the  lobes  a,  i,  in  which  the  line 
representing  the  inward  force  exceeds  the  radius  of  the  circle.    It 
exhibits,  too,  with  no  less  distinctness,  the  gradual  development, 
and  rapid  degradation  and  extinction  of  the  tangential  force  from 
its  neutral  points,  c,  d,  on  either  side  up  to  the  conjunction,  where 
its  action  is  reversed,  being  accelerative  over  the  arc  d  A,  and 
retardative  over  A  c,  each  of  which  arcs  has  an  amplitude  of  7l^ 
20',  and  is  described  by  Uranus  synodically  in  34^-00.     The 
insignificance  of  the  tangential  force  in  the  configurations  remote 
firom  conjunction  throughout  the  arccB(2  is  also  obviously  ex* 
pressed  by  the  small  comparative  development  of  the  loops  e^f. 
(774.)  Let  us  now  consider  how  the  action  of  these  forces 
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results  in  the  production  of  that  peculiar  character  of  perturbation 
which  is  exhibited  in  our  curve,  fig.  4,  Plate  A.  It  is  at  once 
evident  that  the  increase  of  the  longitude  from  1800  to  1822,  the 
cessation  of  that  increase  in  1822,  and  its  conversion  into  a  de- 
crease during  the  subsequent  interval  is  in  complete  accordance 
with  the  growth,  rapid  decay,  extinction  at  conjunction,  and  sub- 
sequent reproduction  in  a  reversed  sense  of  the  tangential  force: 
80  that  we  cannot  hesitate  in  attributing  the  greater  part  of  the 
perturbation  expressed  by  the  swell  and  subsidence  of  the  curve 
between  the  years  1800  and  1845, — all  that  part,  indeed,  which 
is  symmetrical  on  either  side  of  1822 — ^to  the  action  of  the  tan- 
gential force. 

(775.)  But  it  will  be  asked, — has  thea  the  normal  force  (which, 
on  the  plain  showing  of  fig.  5,  is  nearly  twice  as  powerful  as  the 
tangential,  and  which  does  not  reverse  its  action,  like  the  latter 
force,  at  the  point  of  conjunction,  but,  on  the  contrary,  is  there 
most  energetic,)  no  influence  in  producing  the  observed  effects  ? 
We  answer,  very  little,  within  the  period  to  which  observation  had 
extended  up  to  1845.  The  effect  of  the  tangential  force  on  the 
longitude  is  direct  and  immediate  (art.  660),  that  of  the  normal 
indirect,  consequential,  and  cumulative  with  the  progress  of  time 
(art.  734).  The  effect  of  the  tangential  force  on  the  mean  motion 
takes  place  through  the  medium  of  the  change  it  produces  on  the 
axis',  and  is  transient:  the  reversed  action  after  conjunction  (sup- 
posing the  orbits  circular,)  exactly  destroying  all  the  previous 
effect,  and  leaving  the  mean  motion  on  the  whole  unaffected.  In 
the  passage  through  the  conjunction,  then,  the  tangential  force 
produces  a  sudden  and  powerful  acceleration,  succeeded  by  an 
equally  powerful  and  equally  sudden  retardation,  which  done,  its 
action  is  completed,  and  no  trace  remains  in  the  subsequent  motion 
of  the  planet  that  it  ever  existed,  for  its  action  on  the  perihelion 
and  excentricity  is  in  like  manner  also  nullified  by  its  reversal  of 
direction.  But  with  the  normal  force  the  case  is  far  otherwise. 
Its  immediate  effect  on  the  angular  motion  is  nil.  It  is  not  till  it 
has  acted  long  enough  to  produce  a  perceptible  change  in  the 
distance  of  the  disturbed  planet  from  the  sun  that  the  angular 
velocity  begins  to  be  sensibly  affected,  and  it  is  not  till  its  whole 
outward  action  has  been  exerted  (t.  e.  over  the  whole  interval 
from  neutral  point  to  neutral  point)  that  its  maximum  effect  in 
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lifting  the  disturbing  planet  away  from  the  sun  has  been  produced, 
and  the  full  amount  of  diminution  in  angular  velocity  it  is  capable 
of  causing  has  been  developed.  This  continues  to  act  in  producing 
a  retardation  in  longitude  long  after  the  normal  force  itself  has 
reversed  its  action,  and  from  a  powerful  outward  force  has  become 
a  feeble  inward  one.  A  certain  portion  of  this  perturbatidn  is 
incident  on  the  epoch  in  the  mode  described  in  art.  731,  et  seq., 
and  permanently  disturbs  the  mean  motion  from  what  it  would 
have  been,  had  Neptune  no  existence.  The  rest  of  its  eflect  is 
compensated  in  a  single  synodic  revolution,  not  by  the  reversal  of 
the  action  of  the  force  (for  that  reversed  action  is  far  too  feeble  for 
this  purpose),  but  by  the  effect  of  the  permanent  alteration  produced 
in  the  excentricity,  which  (the  axis  being  unchanged)  compensates 
by  increased  proximity  in  one  part  of  the  revolution,  for  increased 
distance  in  the  other.  Sufiicient  time  has  not  elapsed  since  the 
conjunction  to  bring  out  into  full  evidence  the  influence  of  this 
force.  Still  its  commencement  is  quite  unequivocally  marked  in 
the  more  rapid  descent  of  our  curve^.  4,  subsequent  to  the  con- 
junction, than  ascent  previous  to  that  epoch,  which  indicates  the 
commencement  of  a  series  of  undulations  in  its  future  course  of  an 
elliptic  character^  consequent  on  the  altered  excentricity  and  peri- 
helion (the  total  and  ultimate  effect  of  this  constituent  of  the  dis- 
turbing force)  which  will  be  maintained  till  within  about  20  years 
ft*om  the  next  conjunction,  with  the  exception,  perhaps,  of  some 
trifling  inequalities  about  the  time  of  the  opposition,  similar  in 
character,  but  far  inferior  in  magnitude  to  those  now  under  dis- 
cussion. 

(776.)  Posterity  will  hardly  credit  that,  with  a  full  knowledge 
of  all  the  circumstances  attending  this  great  discovery — of  the 
calculations  of  Leverrier  and  Adams — of  the  communication  of 
its  predicted  place  to  Dr.  Galle — and  of  the  new  planet  being 
actually  found  by  him  in  that  place,  in  the  remarkable  manner 
above  commemorated  ;  not  only  have  doubts  been  expressed  as 
to  the  validity  of  the  calculations  of  those  geometers,  and  the 
legitimacy  of  their  conclusions,  but  these  doubts  have  been  carried 
so  far  as  to  lead  the  objectors  to  attribute  the  acknowledged  fact 
of  a  planet  previously  unknown  occupying  that  precise  place  in 
the  heavens  at  that  precise  time,  to  sheer  accident  !*    What  share 

*  Theee  doubte  ieem  to  have  originated  partly  in  die  great  diBagreement  between 
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accident  may  have  had  in  the  successful  issue  of  the  calculations^ 
we  presume  the  reader,  after  what  has  been  said,  will  have  little 
difficulty  in  satisfying  himself.  As  regards  the  time  when  the  dis- 
covery was  made,  much  has  also  been  attributed  to  fortunate  coin-^ 
cidence.  The  following  considerations  will,  we  apprehend,  com- 
pletely dissipate  this  idea,  if  still  lingering  in  the  mind  of  any  one  at 
all  conversant  with  thesubject.  The  period  of  Uranus  being  84-0140 
years,  and  that  of  Neptune  164*6181,  their  synodic  revolution 
(art.  418),  or  the  interval  between  two  successive  conjunctions, 
is  171*58  years.  The  late  conjunction  having  taken  plaoe  about 
the  beginning  of  1822 ;  that  next  preceding  must  have  happened 
in  1649,  or  more  than  40  years  before  the  first  recorded  observa- 
tion of  Uranus  in  1690,  to  say  nothing  of  its  discovery  as  a  planet. 
In  1690,  then,  it  must  have  been  effectually  out  of  reach  of  any 
perturbative  influence  worth  considering,  and  so  it  remained 
during  the  whole  interval  from  thence  to  1800.  From  that  time 
the  eSect  of  perturbation  began  to  become  sensible,  about  1805 
prominent,  and  in  1820  had  nearly  reached  its  maximum.  At 
this  epoch  an  alarm  was  sounded.  The  maximum  was  not  attain- 
ed,---the  event,  so  important  to  astronomy,  was  still  in  progress  of 
development, — when  the  fact  (any  thing  rather  than  a  striking 
one)  was  noticed,  and  made  matter  of  complaint.  But  the  time 
for  discussing  its  cause  with  any  prospect  of  success  was  not  yet 

the  predicted  and  real  elements  of  Neptune,  partly  in  the  near  (possibly  precise) 
commensurability  of  the  mean  motions  of  Neptune  and  Uranus.  We  conceive 
them  however  to  be  founded  in  a  total  misconception  of  the  nature  of  the  problem, 
which  was  not«  from  such  obviously  uncertain  indications  as  the  observed  discord- 
ances could  give,  to  determine  as  astronomical  quantities  the  axis,  excentricity  and 
mass  of  the  disturbing  planet ;  but  practically  to  discover  where  to  look  for  it :  when, 
if  once  found,  these  elements  would  be  far  better  ascertained.  To  do  this,  any  axU, 
excentricity,  periftelian,  and  mass,  however  wide  of  the  truth,  which  would  repre- 
sent, even  roughly  the  amount,  but  with  tolerable  correctness  the  direction  of  the 
disturbing  force  during  the  very  moderate  interval  when  the  departures  from  theory 
were  really  considerable,  would  equally  serve  their  purposes ;  and  with  an  excen- 
tricity, mass,  and  perihelion  disposable,  it  is  obvious  that  any  assumption  of  the 
axis  between  the  limits  30  and  38,  nay,  even  with  a  much  wider  inferior  limit, 
would  serve  the  purpose.  In  his  attempt  to  assign  an  inferior  limit  to  the  axis,  and 
in  the  value  so  assigned,  M.  -Leverrier,  it  must'  be  admitted,  was  not  successful. 
Mr.  Adams,  on  the  other  hand,  in6ucnced  by  no  considerations  of  the  kind  which 
appear  to  have  weighed  with  his  brother  geometer,  fixed  ultimately,  (as  we  have 
seen)  on  an  axis  not  very  egregiously  wrong.  Still  it  were  to  be  wished,  for  the 
satisfaction  of  all  parties,  that  some  one  would  undertake  the  problem  de  novot 
employing  formule  not  liable  to  the  passage  throhgh  infinity,  which,  technically 
speaking,  hampers,  or  may  be  supposed  to  hamper  the  continuous  application  of 
the  usual  pcrturbational  fonnulie  when  cases  of  commensurability  occur. 
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come.  Every  thing  turns  upon  the  precise  determination  of  the 
epoch  of  the  maximum,  when  the  perturbing  and  perturbed  planet 
were  in  conjunction,  and  upon  the  law  of  increase  and  diminution 
of  the  perturbation  itself  on  either  side  of  that  point.  Now  it  is 
always  difficult  to  assign  the  time  of  the  occurrence  of  a  maximum 
by  observations  liable  to  errors  bearing  a  ratio  far  from  inconsidera- 
ble to  the  whole  quantity  observed.  Until  the  lapse  pf  some  years 
from  1822  it  would  have  been  impossible  to  have  fixed  that  epoch 
with  any  certainty,  and  as  respects  the  law  of  degradation  and 
total  arc  of  longitude  over  which  the  sensible  perturbations  extend, 
we  are  hardly  yet  arrived  at  a  period  when  this  can  be  said  to  be 
completely  determinable  from  observation  alone.  In  all  this  we 
see  nothing  of  accident,  unless  it  be  accidental  that  an  event 
which  must  have  happened  between  1781  and  1953,  actually  hap- 
pened in  1822 ;  and  that  we  live  in  an  age  when  astronomy  has 
reached  that  peifection,  and  its  cultivators  exercise  that  vigilance 
which  neither  permit  such  an  event,  nor  its  scientific  importance, 
to  pass  unnoticed.  The  blossom  had  been  watched  with  interest 
in  its  development,  and  the  fruit  was  gathered  in  the  very  moment 
of  maturity.* 

*  The  student  who  may  wish  to  see  the  perturhations  of  Uranus  produced  by 
Neptune,  as  computed  from  a  knowledge  of  the  elements  and  mass  of  that  planet, 
such  as  we  now  know  to  be  pretty  near  the  truth,  will  find  them  stated  at  length 
from  the  calculations  of  Mr.  Walker,  (of  Washington,  U.  8.,)  in  the  "  Proceedings 
of  the  American  Academy  of  Arts  and  Sciences,"  vol.  i.  p.  334,  et  seq.  On  ex- 
amining the  comparisons  of  the  results  of  Mr.  Walker's  formula)  with  those  of 
Mr.  Adams's  theory  in  p.  342,  he  will  perhaps  be  surprised  at  the  enormous  differ- 
ence between  the  actions  of  Neptune  and  Mr.  Adams's  "  hypothetical  planet"  on 
the  longitude  of  Uranus*  .  This  is  easily  explained.  Mr.  Adams's  perturbations 
are  deviations  from  Bouvard's  orbit  of  Uranus,  as  it  stood  immediately  previous  to 
the  late  conjunction.  Mr.  Walker's  are  the  deviations  from  a  mean  or  undisturbed 
orbit  freed  from  the  influence  of  the  long  inequality  resulting  from  the  near  com- 
mensurahility  of  the  motions. 
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OF  SIDEBEAL  ASTRONOMY. 


CHAPTER  XV. 

OF  THE  FIXED  STARS THEIR  CLASSIFICATION   BY  MAGNITUDES. — 

PHOTOMETRIC  SCALE  OF  MAGNITUDES^ — CONVENTIONAL  OR  VUL- 
GAR SCALE ^PHOTOMETRIC  COMPARISON  OF  STARS. — ^DISTRIBU- 
TION OF  STARS  OVER  THE  HEAVENS. — OF  THE  MILKY  WAY  OE 
GALAXY. — ITS  SUPPOSED  FORM  THAT  OF  A  FLAT  STRATUM  PAR- 
TLkLLY  SUBDIVIDED. — ITS  VISIBLE  COURSE  AMONG  THE  CONSTEL- 
LATIONS  ITS  INTERNAL  STRUCTURE. — ^ITS  APPARENTLY  INDE- 
FINITE EXTENT  IN  CERTAIN  DIRECTIONS. — OF  THE  DISTANCE  OF 
THE  FIXED  STARS. — THEIR  ANNUAL  PARALLAX. — PARALLACTIC 
UNIT  OF  SIDEREAL  DISTANCE. — EFFECT  OF  PARALLAX  ANALOGOUS 
TO  THAT  OF  ABERRATION. — HOW  DISTINGUISHED  FROM  IT. — ^DE- 
TECTION OF  PARALLAX  BY  MERIDIONAL  OBSERVATIONS. — HEN- 
DERSON^S  APPLICATION  TO  a  CENTAURI. — ^BY  DIFFERENTIAL  OB- 
SERVATIONS. — DISCOVERIES  OF  BESSEL  AND  STRUVE. — LIST  OF 
STARS  IN  WHICH  PARALLAX  HAS  BEEN  DETECTED. — OF  THE  REAL 
MAGNITUDES  OF  THE  STARS.— -COMPARISON  OF  THEIR  LIGHTS  WITH 
THAT  OF  THE  SUN, 

(777.)  Besides  the  bodies  we  have  described  in  the  foregoing 
chapters,  the  heavens  present  us  with  an  innumerable  multitude  of 
other  objects,  which  are  called  generally  by  the  name  of  stars. 
Though  comprehending  individuals  difiering  from  each  other,  not 
merely  in  brightness,  but  in  many  other  essential  points,  they  all 
agree  in  one  attribute, — a  high  degree  of  permanence  as  to  appa- 
rent relative  situation.  This  has  procured  them  the  title  of  <<  fixed 
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stars ;"  an  expression  which  is  to  be  understood  in  a  comparative 
and  not  an  absolute  sense,  it  being  certain  that  many,  and  probable 
that  all,  are  in  a  state  of  motion,  although  too  slow  to  be  percep- 
tible unless  by  means  of  very  delicate  observations,  continued 
during  a  long  series  of  years. 

^78.)  Astronomers  are  in  the  habit  of  distinguishing  the  stars 
into  classes,  according  to  their  apparent  brightness.  These  are 
termed  magnitudes.  The  brightest  stars  are  said  to  be  of  the  first 
magnitude ;  those  which  fall  so  iar  short  of  the  first  degree  of 
brightness  as  to  make  a  strongly  marked  distinction  are  classed  in 
the  second ;  and  so  on  down  to  the  sixth  or  seventh,  which  com- 
prise the  smallest  stars  visible  to  the  naked  eye,  in  the  clearest  and 
darkest  night.  Beyond  these,  however,  telescopes  continue  the 
range  of  visibility,  and  magnitudes  from  the  8th  down  to  the  16tb 
are  familiar  to  those  who  are  in  the  practice  of  using  powerful 
instruments ;  nor  does  there  seem  the  least  reason  to  assign  a  limit 
to  this  progression ;  every  increase  in  the  dimensions  and  power 
of  instruments,  which  successive  improvements  in  optical  science 
have  attained,  having  brought  into  view  multitudes  innumerable  of 
objects  invisible  before ;  so  that,  for  any  thing  experience  has 
hitherto  taught  us,  the  number  of  the  stars  may  be  really  infinite, 
in  the  only  sense  in  which  we  can  assign  a  meaning  to  the  word. 

(779.)  This  classification  into  magnitudes,  however,  it  must  be 
observed,  is  entirely  arbitrary.  Of  a  multitude  of  bright  objects, 
differing  probably,  intrinsically,  both  in  size  and  in  splendour,  and 
arranged  at  unequal  distances  from  us,  one  must  of  necessity 
appear  the  brightest,  one  next  below  it,  and  so  on.  An  order  of 
succession  (relative,  of  course,  to  our  local  situation  among  them) 
must  exist,  and  it  is  a  matter  of  absolute  indifference,  where,  in 
that  infinite  progression  downwards,  from  the  one  brightest  to  the 
invisible,  we  choose  to  draw  our  lines  of  demarcation.  All  this  is 
a  matter  of  pure  convention.  Usage,  however,  has  established 
such  a  convention ;  and  though  it  is  impossible  to  determine  ex- 
actly, or  d  priori^  where  one  magnitude  ends  and  the  next  begins, 
and  although  different  observers  have  differed  in  their  magnitudes, 
yet,  on  the  whole,  astronomers  have  restricted  their  first  magnitude 
to  about  23  or  24  principal  stars ;  their  second  to  50  or  60  next 
inferior ;  their  third  to  about  200  yet  smaller,  and  so  on  ;  the  num- 
bers increasing  very  rapidly  as  we  descend  in  the  scale  of  bright- 
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nesSj  the  whole  number  of  stars  already  registered  down  to  the 
seventh  magnitude,  inclusive,  amounting  to  from  12000  to  15000. 
(780.)  As  we  do  not  see  the  actual  disc  of  a  star,  but  judge 
only  of  its  brightness  by  the  total  impression  made  upon  the  eye, 
the  apparent  «  magnitude''  of  any  star  will,  it  is  evident,  depend^ 
Ist,  on  the  star's  distance  from  us ;  2d,  on  the  absolute  magnitude 
of  its  illuminated  surface ;  3d,  on  the  intrinsic  brightness  of  that 
surface.  Now,  as  we  know  nothing,  or  next  to  nothing,  of  any 
of  these  data,  and  have  every  reason  for  believing  that  each  of 
them  may  differ  in  different  individuals,  in  the  proportion  of  many 
millions  to  one,  it  is  clear  that  we  are  not  to  expect  much  satisfac- 
tion in  any  conclusions  we  may  draw  from  numerical  statements 
of  the  number  of  individuals  which  have  been  arranged  in  our 
artificial  classes  antecedent  to  any  general  or  definite  prindpk  of 
arrangement.  In  fact,  astronomers  have  not  yet  agreed  upon  any 
principle  by  which  the  magnitudes  may  be  photometrically,  classed 
d  prioriy  whether  for  example  a  scale  of  brightnesses  decreasing 
in  geometrical  progression  should  be  adopted,  each  term  being 
one  half  of  the  preceding,  or  one  third,  or  any  other  ratio,  or 
whether  it  would  not  be  preferable  to  adopt  a  scale  decreasing  as 
the  squares  of  the  terms  of  an  harmonic  progression,  t.  e.  accord* 
ing  to  the  series  1,  ^,  i,  iff*  aV?  ^'C.  The  former  would  be  a 
purely  photometric  scale,  and  would  have  the  apparent  advantage 
that  the  light  of  a  star  of  any  magnitude  would  bear  a  fixed  pro- 
portion to  that  of  the  magnitude  next  above  it,  an  advantage, 
however,  merely  apparent,  as  it  is  certain,  from  many  optical  facts, 
that  the  unaided  eye  forms  very  different  judgments  of  the  propor- 
tions existing  between  bright  lights,  and  those  between  feeble 
ones.  The  latter  scale  involves  a  physical  idea,  that  of  supposing 
the  scale  of  magnitudes  to  correspond  to  the  appearance  of  a  first 
magnitude  standard  star,  removed  successively  to  twice,  three 
times,  &c.  its  original  or  standard  distance.  Such  a  scale,  which 
would  make  the  nominal  magnitude  a  sort  of  index  to  the  pre- 
sumable or  average  distance,  on  the  supposition  of  an  equality 
among  the  real  lights  of  the  stars,  would  facilitate  the  expression 
of  speculative  ideas  on  the  constitution  of  the  sidereal  heavens. 
On  the  other  hand,  it  would  at  first  sight  appear  to  make  too  small 
a  difference  between  the  lights  in  the  lower  magnitudes.  For 
example,  on  this  principle  of  nomenclature,  the  light  of  a  star. of 
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the  seventh  magnitude  would  be  thirty-six  49ths  of  that  of  one  of 
the  sixth,  and  of  the  tenth  81  hundredths  of  the  ninth,  while  be- 
tween the  first  and  the  second  the  proportion  would  be  that  of  four 
to  one.  So  far,  however,  from  this  being  really  objectionable,  it 
falls  in  well  with  the  general  tenor  of  the  optical  fiacts  already 
alluded  to,  inasmuch  as  the  eye  (in  the  absence  of  disturbing 
ca^ises)  does  actually  discriminate  with  greater  precision  between 
the  relative  intensities  of  feeble  lights  than  of  bright  ones,  so  that 
the  fraction  |f  for  instance,  expresses  quite  as  great  a  step  down- 
wards (physiologically  speaking)  from  the  sixth  magnitude,  as  | 
does  from  the  first.  As  the  choice,  therefore,  so  far  as  we  caa 
see,  lies  between  these  two  scales,  in  drawing  the  lines  of  demar- 
cation between  what  may  be  termed  the  photometrical  magnitudes 
of  the  stars,  we  have  no  hesitation  in  adopting,  and  recommend- 
ing others  to  adopt,  the  latter  system  in  preference  to  the  former. 
.  (781.)  The  conventional  magnitudes  actually  in  use  among 
astronomers,  so  far  as  their  usage  is  consistent  with  itself,  conforms 
moreover  very  much  more  nearly  to  this  than  to  the  geometrical 
progression.  It  has  been  shown*  by  direct  photometric  measure- 
ment of  the  light  of  a  considerable  number  of  stars  from  the  first 
to  the  fourth  magnitude,  that  if  M  be  the  number  expressing  the 
magnitude  of  a  star  on  the  above  system,  and  m  the  number 
expressing  the  magnitude  of  the  same  star  in  the  loose  and  irre- 
gular language  at  present  conventionallj'  or  rather  provisionally 
adopted,  so  far  as  it  can  be  collected  from  the  conflicting  authori- 
ties of  different  observers,  the  difference  between  these  numbers, 
or  M — my  is  the  same  in  all  the  higher  parts  of  the  scale,  and  is 
less  than  half  a  magnitude  (0«414).  The  standard  star  assumed 
as  the  unit  of  magnitude  in  the  measurements  referred  to,  is  the 
bright  southern  star  a  Centauri,  a  star  somewhat  superior  to  Arc- 
turus  in  lustre.  If  we  take  the  distance  of  this  star  for  unity,  it 
follows  that  when  removed  to  the  distances  1*414,  2*414,  3*414, 
&c.  its  apparent  lustre  would  equal  those  of  average  stars  of  the 
1st,  2d,  3d,  &c.  magnitudes,  as  ordinarily  reckoned^  respectively. 
(782.)  The  difference  of  lustre  between  stars  of  two  consecutive 
magnitudes  is  so  considerable  as  to  allow  of  many  intermediate 
gradations  being  perfectly  well  distinguished.     Hardly  any  two 

*  See  **  Result!  of  Obserrationi  made  at  the  Cape  of  Good  Hope,  dec  dec" 
p.  371.     By  the  Author. 
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stars  of  the  first  or  of  the  second  magnitude  would  be  judged  by 
an  eye  practised  in  such  comparisons  to  be  exactly  equal  in  bright- 
ness.   Hence,  the  necessity,  if  anything  like  accuracy  be  aimed 
at|  of  subdividing  the  magnitudes  and  admitting  fractions  into  our 
nomenclature  of  brightness.    When  this  necessity  first  began  to 
be  felt,  a  simple  bisection  of  the  interval  was  recognized,  and  the 
intermediate  degree  of  brightness  was  thus  designated,  viz.  1.2  m, 
2.3  m,  and  so  on.    At  present  it  is  not  unfrequent  to  find  the 
interval  trisected  thus:  1  m,  1.2m,  2.1  m,  2m,  &c.  where  the 
expression  1.2  m  denotes  a  magnitude  intermediate  between  the 
first  and  second,  but  nearer  1  than  2  ;  while  2.1  m  designates  a 
magnitude  also  intermediate,  but  nearer  2  than  1.    This  may 
suffice  for  common  parlance,  but  as  this  department  of  astronomy 
progresses  towards  exactness,  a  decimal  subdivision  will  of  neces- 
sity supersede  these  rude  forms  of  expression,  and  the  magnitude 
will  be  expressed  by  an  integer  number  followed  by  a  decimal 
fraction ;  as  for  instance,  2.51  which  expresses  the  magnitude  of 
y  Geminorum  on  the  vulgar  or  conventional  scale  of  magnitudes, 
by  which  we  at  once  perceive  that  its  place  is  almost  exactly 
half  way  between  the  2d  and  3d  average  magnitudes,  and  that  its 
light  is  to  that  of  an  average  first  magnitude  star  in  that  scale  (of 
which  a  Ononis  in  its  usual  or  normal  state*  may  be  taken  as  a 
typical  specimen)  as  U:  (2-51)',  and  to  that  of  a  Centauri  as  V: 
(2-924)%  making  its  plfce  in  the  photometric  scale  (so  defined) 
2-924.    Lists  of  stars  northern  and  southern,  comprehending  those 
of  the  vulgar  first,  second,  and  third  magnitudes,  with  their  mag- 
nitudes decimally  expressed  in  both  systems,  will  be  found  at  the 
end  of  this  work.    The  light  of  a  star  of  the  sixth  magnitude  may 
be  roughly  stated  as  about  the  hundredth  part  of  one  of  the  first. 
Sirius  would  make  between  three  and  four  hundred  stars  of  that 
magnitude. 

(783.)  The  exact  photometrical  determination  of  the  compara- 
tive intensities  of  light  of  the  stars  is  attended  with  many  and  great 
difficulties,  arising  partly  from  their  differences  of  colour ;  partly 
from  the  circumstance  that  no  invariable  standard  of  artificial 
light  has  yet  been  discovered ;  partly  from  the  physiological  cause 
above  alluded  to,  by  which  the  eye  is  incapacitated  from  judging 

'    *  In  the  ioterval  from  1836  to  1839  this  star  underwent  oonnderable  and  re- 
markable fluctaations  of  brightness. 
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correctly  of  the  proportion  of  two  lights,  and  can  only  decide  (and 
that  with  not  very  great  precision)  as  to  their  equality  or  inequality ; 
and  partly  from  other  physiological  causes.  The  least  objection- 
able method  hitherto  proposed  would  appear  to  be  the  following. 
A  natural  standard  of  comparison  is  in  the  first  instance  selected, 
brighter  than  any  of  the  stars,  so  as  to  allow  of  being  equalized 
with  any  of  them  by  a  reduction  of  its  light  optically  effected,  and 
at  the  same  time  either  invariable,  or  at  least  only  so  variable  that 
its  changes  can  be  exactly  calculated  and  reduced  to  numerical 
estimation.  Such  a  standard  is  offered  by  the  planet  Jupiter, 
which,  being  much  brighter  than  any  star,  subject  to  no  phases, 
and  variable  in  light  only  by  the  variation  of  its  distance  from  the 
sun,  and  which  moreover  comes  in  succession  above  the  horizon 
at  a  convenient  altitude,  simultaneously  with  all  the  fixed  stars, 
and,  in  the  absence  of  the  moon,  twilight,  and  other  disturbing 
causes  (which  fatally  affect  all  observations  of  this  nature),  com- 
bines all  the  requisite  conditions.  Let  us  suppose,  now,  that 
Jupiter  being  at  A  and  the  star  to  be  compared  with  it  at  B,  a 
glass  prism  C,  is  so  placed  that  the  light  of  the  planet  deflected 
by  total  internal  reflexion  at  its  base,  shall  emerge  parallel  to  B  E 
the  direction  of  the  star's  visual  ray.  After  reflexion,  let  it  be 
received  on  a  lens  D,  in  whose  focus  F,  it- will  form  a  small  bright 
star-like  image  capable  of  being  viewed  by  an  ^ye  placed  at  E, 
so  far  out  of  the  axis  of  the  cone  of  diverging  rays  as  to  admit  of 
seeing  at  the  same  time,  and  with  the  same  eye,  and  so  comparing, 


Fig.  107. ' 


this  image  with  the  star  seen  directly.  By  bringing  the  eye  nearer 
to  or  further  from  the  focus  F,  the  apparent  brightness  of  the  focal 
point  will  be  varied  in  the  inverse  ratio  of  the  square  of  the  dis- 
tance £  F,  and  therefore  may  be  equaiizedy  as  well  as  the  eye  can 
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judge  of  such  equalities,  with  the  star.  If  this  be  done  for  two 
stars  several  times  alternately,  and  a  mean  of  the  results  taken,  by 
measuring  £  F,  their  relative  brightness  will  be  obtained :  that  of 
Jupiter,  the  temporary  standard  of  comparison,  being  altogether 
eliminated  from  tlie  result. 

(784.)  A  moderate  number  of  well  selected  stars  being  thus 
photometrically  determined  by  repeated  and  careful  measurements, 
60  as  to  afford  an  ascertained  and  graduated  scale  of  brightness 
among  the  stars  themselves,  the  intermediate  steps  or  grades  of 
magnitude  may  be  filled  up,  by  inserting  between  them,  according 
to  the  judgment  of  the  eye,  other  stars,  forming  an  ascending  or 
descending  sequence^  each  member  of  such  a  sequence  being 
brighter  than  that  below,  and  less  bright  than  that  above  it ;  and 
thus  at  length,  a  scale  of  numerical  magnitudes  will  become 
established,  complete  in  all  its  members,  from  Sirius,  the  brightest 
of  the  stars,  down  to  the  least  visible  magnitude.*  It  were  much 
to  be  wished  that  this  branch  of  astronomy,  which  at  present  can 
hardly  be  said  to  be  advanced  beyond  its  infancy,  were  perse- 
veringly  and  systematically  cultivated.  It  is  by  no  means  a  sub- 
ject of  mere  barren  curiosity,  as  will  abundantly  appear  when  we 
come  to  speak  of  the  phenomena  of  variable  stars,  and  bemg 
moreover,  one  in  which  amateurs  of  the  science  may  easily  chalk 
out  for  themselves  a  useful  and  available  path,  may  naturally  be 
expected  to  receive  large  and  interesting  accessions  at  their  hands. 

(785.)  If  the  comparison  of  the  apparent  magnitudes  of  the  stars 
with  their  numbers  leads  to  no  immediately  obvious  conclusion,  it 
is  otherwise  when  we  view  them  in  connection  with  their  local 
distribution  over  the  heavens.  If  indeed  we  confine  ourselves  to 
the  three  or  four  brightest  classes,  we  shall  find  them  distributed 
with  a  considerable  approach  to  impartiality  over  the  sphere :  a 
marked  preference  however  being  observable,  especially  in  the 
southern  hemisphere,  to  a  zone  or  belt,  following  the  direction  of 
a  great  circle  passing  through  s  Orionis  and  ^  Crucis.     But  if  we 

*  For  the  method  of  combining  and  treating  such  flequences,  where  accumokted 
in  conpiderable  numbers,  so  as  to  eliminate  from  their  results  the  influence  of  erro- 
neous judgment,  atmospheric  civcumstances,  &c,  which  often  give  rise  to  contra- 
dictory arrangements  in  the  order  of  stars  differing  but  little  in  magnitude,  as  well 
as  for  an  account  of  a  series  of  photometric  comparisons  (in  which  however,  not 
Jupiter,  but  the  moon  was  used  as  an  intermediate  standard},  see  the  work  abo?o 
«itod,  note  on  p.  353.    (Besolts  of  obMrvationsy  dec) 
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take  in  the  whole  amount  visible  to  the  naked  eye,  we  shall  per- 
ceive a  great  increase  of  number  as  we  approach  the  borders  of 
the  Milky  Way.  And  when  we  come  to  telescopic  magnitudes, 
we  find  them  crowded  beyond  imagination,  along  the  extent  of 
that  circle,  and  of  the  branches  which  it  sends  off  from  it ;  so  that 
in  fact  its  whole  light  is  composed  of  nothing  but  stars  of  every 
magnitude,  from  such  as  are  visible  to  the  naked  eye  down  to  the 
smallest  point  of  light  perceptible  with  the  best  telescopes. 

(786.)  These  phenomena  agree  with  the  supposition  that  the 
stars  of  our  firmament,  instead  of  being  scattered  in  all  directions 
indifferently  through  space,  form  a  stratum  of  which  the  thickness 
is  small,  in  comparison  with  its  length  and  breadth ;  and  in  which 
the  earth  occupies  a  place  somewhere  about  the  middle  of  its  thick- 
ness, and  near  the  point  where  it  subdivides  into  two  principal 
laminae,  inclined  at  a  small  angle  to  each  other  (art.  302).  For 
it  is  certain  that,  to  an  eye  so  situated,  the  apparent  density  of  the 
stars,  supposing  them  pretty  equally  scattered  through  the  space 
they  occupy,  would  be  least  in  a  direction  of  the  visual  ray  (as 
S  A),  perpendicular  to  the  lamina,  and  greatest  in  that  of  its 
breadth,  as  S  B,  S  C,  S  D ;  increasing  rapidly  in  passing  from 
one  to  the  other  direction,  just  as  we  see  a  slight  haze  in  the 
atmosphere  thickening  into  a  decided  fog  bank  near  the  horizon, 
by  the  rapid  increase  of  the  mere  length  of  the  visual  ray.  Such 
is  the  view  of  the  construction  of  the  starry  firmament  taken  by 
Sir  William  Herschel,  whose  powerful  telescopes  first  effected  a 
complete  analysis  of  this  wonderful  zone,  and  demonstrated  the 
fact  of  its  entirely  consisting  of  stars.*    So  crowded  are  they  in 

Fig.  108. 


some  parts  of  it,  that  by  counting  the  stars  in  a  single  field  of  his 
telescope,  he  was  led  to  conclude  that  50000  had  passed  under 

*  Thomas  Wright  of  Durham  (Theory  of  the  Universe,  London,  1750)  appean 
80  early  as  1734  to  have  entertained  the  same  general  view  as  to  the  constitution 
of  the  Milky  Way  and  starry  firmament,  founded,  quite  in  the  spirit  of  just  astro- 
nomical speculation  on  a  partial  resolution  of  a  portion  of  it  with  a  **  one-foot 
reflector"  (a  refiector  one  foot  in  focal  length).  See  an  account  of  this  rare  work 
by  M.  de  Morgan  in  PhiL  Mag.  Ser.  3,  zzxii.  p.  241,  dt  seq. 
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his  review  in  a  zone  two  degrees  in  breadth,  daring  a  single 
hour's  observation.  In  that  part  of  the  milky  way  which  is  situ- 
ated in  lOh  SOm  R  A  and  between  the  147th  and  150th  degree  of 
N  P  D,  upwards  of  5000  stars  have  been  reckoned  to  exist  in  a 
square  degree.  The  immense  distances  at  which  the  remoter 
regions  must  be  situated  will  sufficiently  account  for  the  vast  pre- 
dominance of  small  magnitudes  which  are  observed  in  it. 

(787.)  The  course  of  the  Milky  Way  as  traced  through  the 
heavens  by  the  unaided  eye,  neglecting  occasional  deviations  and 
following  the  line  of  its  greatest  brightness  as  well  as  its  varying 
breadth  and  intensity  will  permit,  conforms  nearly  to  that  of  a 
great  circle  inclined  at  an  angle  of  about  63^  to  the  equinoctial, 
and  cutting  that  circle  in  R  A  OA  47m  and  I2h  47m,  so  that  its 
northern  and  southern  poles  respectively  are  situated  in  R.  A.  12A 
47m  N  P  D  63°  and  R.  A..OA  47m  N P  D  117°.  Throughout  the 
region  where  it  is  so  remarkably  subdivided  (art.  186),  this  great 
circle  holds  an  intermediate  situation  between  the  two  great 
streams:  with  a  nearer  approximation  however  to  the  brighter 
and  continuous  stream,  than  to  the  fainter  and  interrupted  one.  If 
we  trace  its  course  in  order  of  right  ascension,  we  find  it  travers- 
ing the  constellation  Cassiopeia,  its  brightest  part  passing  about 
two  degrees  to  the  north  of  the  star  B  of  that  constellation,  i,  e.  in 
about  62°  of  north  declination,  or  28°  N  P  D.  Passing  thence 
between  y  and  <  CassiopeiaB  it  sends  off  a  branch  to  the  south- 
preceding  side,  towards  a  Persei,  very  conspicuous  as  far  as  that 
star,  prolonged  faintly  towards  «  of  the  same  constellation,  and 
possibly  traceable  towards  the  Hyades  and  Pleiades  as  remote  out- 
liers. The  main  stream  however  (which  is  here  very  faint),  passes 
on  through  Auriga,  over  the  three  remarkable  stars  f,  {"t  f^,  of  that 
constellation  preceding  Capella,  called  the  HcBdi,  preceding 
Capella,  between  the  feet  of  Gemini  and  the  horns  of  the  BuU 
(where  it  intersects  the  ecliptic  nearly  in  the  Solstitial  Colure)  and 
thence  over  the  club  of  Orion  to  the  neck  of  Monoceros,  intersect- 
ing the  equinoctial  in  R.  A.  6A  54m.  Up  to  this  point,  from  the 
offset  in  Perseus,  its  light  is  feeble  and  indefinite,  but  thence- 
forward it  receives  a  gradual  accession  of  brightness,  and  where 
it  passes  through  the  shoulder  of  Monoceros  and  over  the  head  of 
Canis  Major  it  presents  a  broad,  moderately  bright,  very  uniform^ 
and  to  the  naked  eye,  starless  stream  up  to  the  point  where  it 
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enters  the  prow  of  the  ship  Argo,  nearly  on  the  southern  tropic* 
Here  it  again  subdivides  (about  the  star  m  Puppis),  sending  off  a 
narrow  and  widening  branch  on  the  preceding  side  as  far  as  y  Argds^ 
where  it  terminates  abruptly.  The  main  stream  pursues  its  south- 
ward course  to  the  123d  parallel  of  NPD,  where  it  diffuses  itself 
broadly  and  again  subdivides,  opening  out  into  a  wide  fan-like 
expanse,  nearly  20^  in  breadth  formed  of  interlacing  branches,  all 
which  terminate  abruptly,  in  a  line  drawn  nearly  through  ^  and  y 
Argds. 

(788.)  At  this  place  the  continuity  of  the  Milky  Way  is  inter- 
rupted by  a  wide  gap,  and  where  it  recommences  on  the  opposite 
side  it  is  by  a  somewhat  similar  fan-shaped  assemblage  of  branches 
which  converge  upon  the  bright  star  n  ArgQs.  Thence  it  crosses 
the  hind  feet  of  the  Centaur,  forming  a  curious  and  sharply  defined 
semicircular  concavity  of  small  radius,  and  enters  the  Cross  by  a 
very  bright  neck  or  isthmus  of  not  more  than  3  or  4  degrees  in 
breadth,  being  the  narrowest  portion  of  the  Milky  Way.  After 
this  it  immediately  expands  into  a  broad  and  bright  mass,  enclos- 
ing the  stars  a  and  i3  Crucis,  and  ^  Centauri,  and  extending  almost 
up  to  a  of  the  latter  constellation.  In  the  midst  of  this  bright  mass, 
surrounded  by  it  on  all  sides,  and  occupying  about  half  its  breadth, 
occurs  a  singular  dark  pear-shaped  vacancy,  so  conspicuous  and 
remarkable  as  to  attract  the  notice  of  the  most  superficial  gazer, 
and  to  have  acquired  among  the  early  southern  navigators  the 
uncouth  but  expressive  appellation  of  the  coal-sack.  In  this 
vacancy  which  is  about  8^  in  length,  and  5^  broad,  only  one  very 
small  star  visible  to  the  naked  eye  occurs,  though  it  is  far  from 
devoid  of  telescopic  stars,  so  that  its  striking  blackness  is  simply 
due  to  the  effect  of  contrast  with  the  brillant  ground  with  which  it 
is  on  all  sides  surrounded.  This  is  the  place  of  nearest  approach 
of  the  Milky  Way  to  the  South  Pole.  Throughout  all  this  region 
its  brightness  is  very  striking,  and  when  compared  with  that  of  its 
more  northern  course  already  traced,  conveys  strongly  the  im- 
pression of  greater  proximity,  and  would  almost  lead  to  a  belief 
that  our  situation  as  spectators  is  separated  on  all  sides  by  a  con- 

*  Id  reading  this  description  a  celestial  globe  will  be  a  neceasary  companion.  It 
may  be  thought  needleat  to  detail  the  course  of  the  Milky  Way  verbally,  since  it  is 
mapped  down  on  all  celestial  charts  and  globes.  But  in  the  generality  of  them, 
indeed,  in  all  which  have  come  to  our  knowledge,  this  is  done  so  very  loosely  and 
iitconrecUy,  as  by  no  means  to  dispense  with  a  Terbal  descripttoiL 
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siderable  interval  from  the  dense  body  of  stars  composing  the 
Galaxy,  which  in  this  view  of  the  subject  would  come  to  be  con- 
sidered as  a  flat  ring  of  immense  and  irregular  breadth  and  thick- 
ness, within  which  we  are  excentricaliy  situated,  nearer  to  the 
southern  than  to  the  northern  part  of  its  circuit. 

(789.)  At  tt  Centauri,  the  Milky  Way  again  subdivides,*  send- 
ing off  a  great  branch  of  nearly  half  its  breadth,  but  which  thins 
4»ff  rapidly,  at  an  angle  of  about  20^  with  its  general  direction, 
towards  the  preceding  side,  to  v  and  d  Lupi,  beyond  which  it 
loses  itself  in  a  narrow  and  faint  streamlet.  The  main  stream 
passes  on  increasing  in  breadth  to  y  Normse,  where  it  makes  an 
abrupt  elbow  and  again  subdivides  into  one  principal  and  con- 
tinuous stream  of  very  irregular  breadth  and  brightness  on  the  fol- 
lowing side,  and  a  complicated  system  of  interlaced  streaks  and 
masses  on  the  preceding,  which  covers  the  tail  of  Scorpio,  and 
terminates  in  a  vast  and  faint  effusion  over  the  whole  extensive 
region  occupied  by  the  preceding  leg  of  Ophiuchus,  extending 
northwards  to  the  parallel  of  103°  N  P  D,  beyond  which  it  cannot 
be  traced ;  a  wide  interval  of  14°,  free  from  all  appearance  of 
nebulous  light,  separating  it  from  the  great  branch  on  the  north 
side  of  the  equinoctial  of  which  it  is  usually  represented  as  a  con- 
tinuation. 

(790.)  Returning  to  the  point  of  separation  of  this  great  branch 
from  the  main  stream,  let  us  now  pursue  the  course  of  the  latter. 
Making  an  abrupt  bend  to  the  following  side,  it  passes  over  the 
stars  »  Ars,  9  and  »  Scorpii,  and  y  Tubi  to  y  Sagittarii,  where  it 
suddenly  collects  into  a  vivid  oval  mass  about  6°  in  length  and 
4^  in  breadth,  so  excessively  rich  in  stars  that  a  very  moderate 
calculation  makes  their  number  exceed  100,000.  Northward  of 
this  mass,  this  stream  crosses  the  ecliptic  in  longitude  about 
276^,  and  proceeding  along  the  bow  of  Sagittarius  into  Antinous 
has  its  course  rippled  by  three  deep  concavities,  separated  from 
each  other  by  remarkable  protuberances,  of  which  the  larger  and 
brighter  (situated  between  Fiamstead's  stars  3  and  6  Aquilae) 
forms  the  most  conspicuous  patch  in  the  southern  portion  of  the 
Milky  Way  visible  in  our  latitudes. 

(791.)  Crossing  the  equinoctial  at  the  19th  hour  of  right  ascen- 
sion, it  next  runs  in  an  irregular,  patchy,  and  winding  stream 

*  All  the  mape  and  globes  plaoe  this  labdiTidoii  at  |3  Centauri,  but  enoneooily. 
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through  Aqaila,  Sagitta  and  Vulpecula  up  to  Cygnus;  at  •  of 
which  constellation  its  continuity  is  interrupted,  and  a  very  con- 
fused and  irregular  region  commences,  marked  by  a  broad  dark 
vacuity,  not  unlike  the  southern  <<  coal-sack,"  occupying  the  space 
between  <•  a>  and  y  Cygni,  which  serves  as  a  kind  of  centre  for  the 
divergence  of  three  great  streams ;  one,  which  we  have  already 
traced  ;  a  second,  the  continuation  of  the  first  (across  the  interval) 
from  a  northward,  between  Lacerta  and  the  head  of  Cepheus  to 
the  point  in  Cassiopeia  whence  we  set  out,  and  a  third  branching 
off  from  y  Cygni,  very  vivid  and  conspicuous,  running  off  in  a 
southern  direction  through  ^  Cygni,  and  8  Aquilse  almost  to  the 
equinoctial,  where  it  loses  itself  in  a  region  thinly  sprinkled  with 
stars,  where  in  slOme  maps  the  modem  constellation  Taurus 
Poniatovii  is  placed.  This  is  the  branch  which,  if  continued 
across  the  equinoctial,  might  be  supposed  to  unite  with  the  great 
southern  effusion  in  Ophiuchus  already  noticed  (art.  789).  A 
considerable  offset,  or  protuberant  appendage,  is  also  thrown  off 
by  the  northern  stream  from  the  head  of  Cepheus  directly  towards 
the  pole,  occupying  the  greater  part  of  the  quartile  formed  by 
a>  ^1  h  and  6  of  that  constellation. 

(792.)  We  have  been  somewhat  circumstantial  in  describing'the 
course  and  principal  features  of  the  Via  Lactea,  not  only  because 
there  does  not  occur  any  where  (so  far  as  we  know)  any  correct 
account  of  it,  but  chiefly  by  reason  of  its  high  interest  in  sidereal 
astronomy,  and  that  the  reader  may  perceive  how  very  difficult  it 
must  necessarily  be  to  form  any  just  conception  of  the  real,  solid 
form,  as  it  exists  in  space,  of  an  object  so  complicated,  and  which 
we  see  from  a  point  of  tiew  so  unfavourable.  The  difficulty  is  of 
the  same  kind  which  we  experience  when  we  set  ourselves  to  con- 
ceive the  real  shape  of  an  auroral  arch  or  of  the  clouds,  but  far 
greater  in  degree,  because  we  know  the  laws  which  regulate  the 
formation  of  the  latter,  and  limit  them  to  certain  conditions  of 
altitude— because  their  motion  presents  them  to  us  in  various 
aspects,  but  chiefly  because  we  contemplate  them  from  a  station 
considerably  below  their  general  plane,  so  as  to  allow  of  our  map- 
ping out  some  kind  of  ground-plan  of  their  shape.  All  these  aids 
are  wanting  when  we  attempt  to  map  and  model  out  the  Galaxy, 
and  beyond  the  obvious  conclusion  that  its  form  must  be,  generally 
speaking,  JkUj  and  of  a  thickness  small  in  comparison  with  its 
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area  in  length  and  breadth^  the  laws  of  perspective  afford  as  little 
further  assistance  in  the  inquiry.  Probability  may,  it  is  true,  here 
and  there  enlighten  us  as  to  certain  features.  Thus  when  we  see, 
as  in  the  coal-sack,  a  sharply  defined  oyal  space  free  from  stars, 
insulated  in  the  midst  of  a  uniform  band  of  not  much  more  than 
twice  its  breadth,  it  would  seem  much  less  probable  that  a  conical 
or  tubular  hollow  traverses  the  whole  of  a  starry  stratum,  continu- 
ously extended  from  the  eye  outwards,  than  that  a  distant  mass  of 
comparatively  moderate  thickness  should  be  simply  perforated 
from  side  to  side,  or  that  an  oval  vacuity  should  be  seen  fore- 
shortened in  a  distant  foreshortened  area,  not  really  exceeding 
two  or  three  times  its  own  breadth.  Neither  can  we  without  ob- 
vious improbability  refuse  to  admit  that  the  long  lateral  offsets 
which  at  so  many  places  quit  the  main  stream  and  run  out  to 
great  distatices,  are  either  planes  seen  edgeways,  or  the  convexi- 
ties of  curved  surfaces  viewed  tangentially,  rather  than  cylindrical 
or  columnar  excrescenses  bristling  up  obliquely  from  the  general 
level.  And  in  the  same  spirit  of  probable  surmise  we  may  account 
for  the  intricate  reticulations  above  described  as  existing  in  the 
region  of  Scorpio,  rather  by  the  accidental  crossing  of  streaks  thus 
originating,  at  very  diflerent  distances,  or  by  a  cellular  structure 
of  the  mass,  than  by  real  intersections.  Those  cirrous  clouds 
which  are  often  seen  in  windy  weather,  convey  no  unapt  impres- 
sion either  of  the  kind  of  appearance  in  question,  or  of  the  struc- 
ture it  suggests.  It  is  to  other  indications  however,  and  chiefly 
to  the  telescopic  examination  of  its  intimate  constitution,  and  to 
the  law  of  the  distribution  of  stars,  not  only  within  its  bosom,  but 
generally  over  the  heavens,  that  we  must  look  for  more  definite 
knowledge  respecting  its  true  form  and  extent. 

(793.)  It  is  on  observations  of  this  latter  class,  and  not  on 
merely  speculative  or  conjectural  views,  that  the  generalization  in 
art.  786,  which  refers  the  phenomena  of  the  starry  firmament  to 
the  system  of  the  Galaxy  as  their  embodying  fact,  is  brought  to 
depend.  The  process  of  <<  gauging"  the  heavens  was  devised  by 
Sir  W.  Herschel  for  this  purpose.  It  consisted  in  simply  counting 
the  stars  of  all  magnitudes  which  occur  in  single  fields  of  view, 
of  15'  in  diameter,  visible  through  a  reflecting  telescope  of  18 
inches  aperture,  and  20  feet  focal  length,  with  a  magnifying  power 
of  180^ :   the  points  of  observation  being  very  numerous  and 
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taken  indiscriminately  in  erery  part  of  the  saiface  of  the  sphere 
visible  in  our  latitudes.  On  a  comparison  of  many  hundred  such 
<<  gauges"  or  local  enumerations  it  appears  that  the  density  of  star- 
light (or  the  number  of  stars  existing  on  an  average  of  several 
such  enumerations  in  any  one  immediate  neighbourhood)  is  least 
in  the  pole  of  the  Galactic  circle^*  and  increases  on  all  sides,  with 
the  Galactic  polar  distance  (and  that  nearly  equally  in  all  direc- 
tions) down  to  the  Milky  Way  itself,  where  it  attains  its  maximum. 
The  progressive  rate  of  increase  in  proceeding  from  the  pole  is  at 
first  slow,  but  becomes  more  and  more  rapid  as  we  approach  the 
plane  of  that  circle  according  to  a  law  of  which  the  following 
numbers,  deduced  by  M.  Struve  from  a  careful  analysis  of  all  the 
gauges  in  question,  will  afford  a  correct  idea. 

Olactict  North  PoUr  Di.tan«.  '"'^^.'Ir^^^^^  ^ 

0^  4.15 

15°  468 

30<=>  652 

45°  10.36 

60°  1768 

75°  30.30 

90°  122-00 

From  which  it  appears  that  the  mean  density  of  the  stars  in  the 
galactic  circle  exceeds  in  a  ratio  of  veiy  nearly  30  to  1  that  in  its 
pole,  and  in  a  proportion  of  more  than  4  to  1  that  in  a  direction 
15°  inclined  to  its  plane. 

(794)  These  numbers  fully  bear  out  the  statement  in  art.  786, 
and  even  draw  closer  the  resemblance  by  which  that  statement  is 
there  illustrated.  For  the  rapidly  increasing  density  of  a  fog-bank 
as  the  visual  ray  is  depressed  towards  the  plane  of  the  horizon  is 
a  consequence  not  only  of  the  mere  increase  in  length  of  the  foggy 
space  traversed,  but  also  of  an  actual  increase  of  density  in  the 
fog  itself  in  its  lower  strata.    Now  this  very  conclusion  follows 

*  From  yoAa,  yaXoxf  o$i  milk ;  meaning  the  great  circle  apoken  of  in  Art  787» 
to  which  the  courae  of  the  Via  Lactea  moat  nearly  conforma.  Every  aubject  haa 
ita  technical  or  conventional  terma,  by  whose  nae  circumlocution  ia  avoided,  and 
ideaa  rendered  definite.  Thia  drcie  ia  to  sidereal  what  the  invariable  ecliptic  ia  to 
planetary  aatronomy— «  plane  of  ultimate  reference,  the  ground-plane  of  the  aide- 
real  system. 

I  Etudea  d'Aatronomie  Stellaire,  p*  71. 
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from  a  comparison  inter  se  of  the  numbers  above  set  down,  as  M. 
Struve  has  clearly  shown  from  a  mathematical  analysis  of  the  em- 
pirical formula,  which  faithfully  represents  their  law  of  progression, 
and  of  which  he  states  the  result  in  the  followmg  table,  expressing 
the  densities  of  the  stars  at  the  respective  distances,  1,  2,  3,  &c.) 
from  the  galactic  plane,  taking  the  mean  density  of  the  stars  in 
that  plane  itself  for  unity. 


Dktaaecs  fttm  Iha 

XtaultfoT 

DMNien  from  Am 

DMit7or 

OakctiePlM*. 

ten. 

Galictia  PkM» 

atari 

0-00 

1-00000 

0-60 

0-08646 

0*06 

0-48668 

0-60 

0-06610 

010 

0-83288 

0-70 

0-08079 

0-20 

0-28896 

0-80 

0*01414 

0-80 

0-17980 

0*866 

000682 

0-40 

018021 

The  unit  of  distance,  of  which  the  first  column  of  this  table  ex- 
presses fractional  parts,  is  the  distance  at  which  such  a  telescope 
is  capable  of  rendering  just  visibk  a  star  of  average  magnitude, 
or,  as  it  is  termed,  its  space-penetrating  power.  As  we  ascend 
therefore  from  the  galactic  plane  into  this  kind  of  stellar  atmos- 
phere, we  perceive  that  the  density  of  its  parallel  strata  decreases 
with  great  rapidity.  At  an  altitude  above  that  plane  equal  to  only 
one-twentieth  of  the  telescopic  limit,  it  has  already  diminished  to 
one-half,  and  at  an  altitude  of  0-866,  to  hardly  more  than  one- 
two-hundredth  of  its  amount  in  that  plane.  So  far  as  we  can 
perceive  there  is  no  flaw  in  this  reasoning,  if  only  it  be  granted, 
1st,  that  the  level  planes  are  continuous,  and  of  equal  density 
throughout;  and,  2dly,  that  an  absolute  and  definite  limit  is  set  to 
telescopic  vision^  beyond  winch,  if  stars  exist,  they  elude  our  sight, 
and  are  to  us  as  if  they  existed  not:  a  postulate  whose  probability 
the  reader  will  be  in  a  better  condition  to  estimate,  when  in  pos- 
session of  some  other  particulars  respecting  the  constitution  of  the 
Galaxy  to  be  described  presently. 

(795.)  A  similar  course  of  observation  followed  out  in  the 
southern  hemisphere,  leads  independently  to  the  same  conclusion 
as  to  the  law  of  the  visible  distribution  of  stars  over  the  southern 
galactic  hemisphere,  or  that  half  of  the  celestial  surface  which  has 
the  south  galactic  pole  for  its  centre.  A  system  of  gauges,  ex- 
tending over  the  whole  surface  of  that  hemisphere  taken  with  the 
same  telescope,  field  of  view  and  magnifying  power  employed  in 
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Sir  William  Herschel's  gauges,  has  afforded  the  ayerage  numbers 
of  stars  per  field  of  Id'  in  diameter,  within  the  areas  of  zones 
encircling  that  pole  at  intervals  of  15^,  set  down  in  the  following 
table. 


Zones  of  Galactic  SoaUi 
Polar  Distance. 

Average  Number  of  Stan 
per  Field  of  l^. 

0°  to  15° 

605 

15  to  30 

6-62 

30  to  45 

908 

45  to  60 

13-49 

60  to  76 

26-29 

75  to  90 

59-06 

(796.)  These  numbers  are  not  directly  comparable  with  those 
of  M.  Struve,  given  in  art,  793,  because  the  latter  corresponds 
to  the  limiting  polar  distances,  while  these  are  the  averages  for  the 
included  zones.  That  eminent  astronomer,  however,  has  given  a 
table  of  the  average  gauges  appropriate  to  each  degree  of  north 
galactic  polar  distance,*  from  which  it  is  easy  to  calculate  averages 
for  the  whole  extent  of  each  zone.  How  near  a  parallel  the  re- 
sults of  this  calculation  for  the  northern  hemisphere  exhibit  with 
those  above  stated  for  the  southern,  will  be  seen  by  the  following 
table. 

Ayerage  Namber  of  Stan 

per  Field  of  Ifi'  from 

M.  StruTe's  Table. 

4*32 

5*42 

8-21 

13*61 

24*09 

5343 

It  would  appear  from  this  that,  with  an  almost  exactly  similar  law 
of  apparent  density  in  the  two  hemispheres,  the  southern  were 
somewhat  richer  in  stars  than  the  northern,  which  may,  and  not 
improbably  does  arise,  from  our  situation  not  being  precisely  in 
the  middle  of  its  thickness,  l)ut  somewhat  nearer  to  its  northern 
surface. 

•  Etudee  d'Aitronomie  Stellaire,  p.  34. 


Zones  of  Galactic  North 

Polar  Distance. 

0° 

to  15° 

15 

to  30 

30 

to  45 

45 

to  60 

60 

to  75 

75 

to  90 
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(797.)  When  examined  with  powerful  telescopes,  the  constitu- 
tion of  this  wonderful  zone  is  found  to  be  no  less  various  than  its 
aspect  to  the  naked  eye  is  irregular.  In  some  regions  the  stars  of 
which  it  is  wholly  composed  are  scattered  with  remarkable  uni- 
formity over  immense  tracts,  while  in  others  the  irregularity  of  their 
distribution  is  quite  as  striking,  exhibiting  a  rapid  succession  of 
closely  clustering  rich  patches  separated  by  comparatively  poor 
intervals,  and  indeed  in  some  instances  by  spaces  absolutely  dark 
and  completely  void  of  any  star,  even  of  the  smallest  telescopic 
magnitude.  In  some  places  not  more  than  40  or  50  stars  on  an 
average  occur  in  a  (<  gauge"  field  of  15',  while  in  others  a  similar 
average  gives  a  result  of  400  or  500.  Nor  is  less  variety  observ- 
able in  the  character  of  its  difierent  regions  in  respect  of  the  mag- 
nitudes of  the  stars  they  exhibit,  and  the  proportional  numbers  of 
the  larger  and  smaller  magnitudes  associated  together,  than  in 
respect  of  their  aggregate  numbers.  In  some,  for  instance,  ex- 
tremely minute  stars,  though  never  altogether  wanting,  occur  in 
numbers  so  moderate  as  to  lead  us  irresistibly  to  the  conclusion 
that  in  these  regions  we  see  fairly  through  the  starry  stratum, 
since  it  is  impossible  otherwise  (supposing  their  light  not  inter- 
cepted) that  the  numbers  of  the  smaller  magnitudes  should  not  go 
on  continually  increasing  ad  infinitum.  In  such  cases  moreover 
the  ground  of  the  heavens,  as  seen  between  the  stars,  is  for  the 
most  part  perfectly  dar^,  which  again  would  not  be  the  case,  if 
innumerable  multitudes  of  stars,  too  minute  to  be  in3ividuallx  dis^^  ' 
cernlble,  existed  beyond.  /In  other  regions  we^re  presented  with 
the  phenomenon  of  an  almost  uniform  degree  of  brightness  of  the 
individual  stars,  accompanied  with  a  very  even  distribution  of 
them  over  the  ground  of  the  heavens,  both  the  larger  and  smaller 
magnitudes  being  strikingly  deficient.  In  such  cases  it  is  equally 
impossible  not  to  perceive  that  we  are  looking  through  a  sheet  of 
stars  nearly  of  a  size,  and  of  no  great  thickness  compared  with 
the  distance  which  separates  them  from  us.  Were  it  otherwise  we 
should  be  driven  to  suppose  the  more  distdnt  stars  uniformly  the 
larger,  so  as  to  compensate  by  their  greater  intrinsic  brightness  for 
their  greater  distance,  a  supposition  contrary  to  all  probability.  In 
others  again,  and  that  not  unfirequently,  we  are  presented  with  a 
double  phenomenon  of  the  same  kind,  viz.  a  tissue  as  it  were  of 
large  stars  spread  over  another  of  very  small  ones,  the  intermediate 
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magnitudes  being  wanting.  The  conclusion  here  seems  equally 
evident  that  in  such  cases  we  look  through  two  sidereal  sheets 
separated  by  a  starless  interval. 

(798.)  Throughout  by  far  the  larger  portion  of  the  extent  of  the 
Milky  Way  in  both  hemispheres,  the  general  blackness  of  the 
ground  of  the  heavens  on  which  its  stars  are  projected,  and  the 
absence  of  that  innumerable  multitude  and  excessive  crowding  of 
the  smallest  visible  magnitudes,  and  of  glare  produced  by  the 
agg^^gsitc  light  of  multitudes  too  small  to  affect  the  eye  singly, 
which  the  contrary  supposition  would  appear  to  necessitate,  must, 
we  think,  be  considered  unequivocal  indications  that  its  dimen- 
sions in  directions  where  these  conditions  obtain^  are  not  only  not 
infinite,  but  that  the  space-penetrating  power  of  our  telescopes 
suffices  fairly  to  pierce  through  and  beyond  it.  It  is  but  right 
however  to  warn  our  readers  that  this  conclusion  has  been  contro- 
verted, and  that  by  an  authority  not  lightly  to  be  put  aside,  on  the 
ground  of  certain  views  taken  by  Olbers  as  to  a  defect  of  perfect 
transparency  in  the  celestial  spaces,  in  virtue  of  which  the  light  of 
the  more  distant  stars  is  enfeebled  more  than  in  proportion  to  their 
distance.  The  extinction  of  light  thus  originating,  proceeding  in 
geometrical  progression  while  the  distance  increases  in  arithmeti- 
cal, a  limit,  it  is  argued,  is  placed  to  the  space-penetrating  powers 
of  telescopes,  far  within  that  which  distance  alone  apart  from  such 
obscuration  would  assign.  It  would  lead  us  too  far  aside  of  the 
objects  of  a  treatise  of  this  nature  to  enter  upon  any  discussion  of 
the  grounds  (partly  metaphysical)  on  which  these  views  rely.  It 
must  suffice  here  to  observe  that  the  objection  alluded  to,  if  appli- 
cable to  any,  is  equally  so  to  every  part  of  the  galaxy.  We  are 
not  at  liberty  to  argue  that  at  one  part  of  its  circumference,  our 
view  is  limited  by  this  sort  of  cosmical  veil  which  extinguishes 
the  smaller  magnitudes,  cuts  off  the  nebulous  light  of  distant 
masses,  and  closes  our  view  in  impenetrable  darkness ;  while  at 
another  we  are  compelled  by  the  clearest  evidence  telescopes  can 
afford  to  believe  that  star-strown  vistas  lie  open,  exhausting  their 
powers  and  stretching  out  beyond  their  utmost  reach,  as  is  proved 
by  that  very  phenomenon  which  the  existence  of  such  a  veil  would 
render  impossible,  viz.  infinite  increase  of  number  and  diminution 
of  magnitude,  terminating  in  complete  irresolvable  nebulosity. 
Such  b,  in  effect,  the  spectacle  afforded  by  a  very  large  portion  of 
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the  Milky  Way  in  that  interesting  region  near  its  point  of  bifarca- 
tion  in  Scorpio  (arts.  789,  792,)  where,  through  the  hollows  and 
deep  recesses  of  its  complicated  structure  we  behold  what  has  all 
the  appearance  of  a  wide  and  indefinitely  prolonged  area  strewed 
over  with  discontinuous  masses  and  clouds  of  stars  which  the 
telescope  at  length  refuses  to  analyze.*  Whatever  other  conclu- 
sions we  may  draw,  this  must  any  how  be  regarded  as  the  direc« 
tion  of  the  greatest  linear  extension  of  the  ground-plan  of  the 
galaxy.  And  it  would  appear  to  follow,  also,  as  a  not  less  obvious 
consequence,  that  in  those  regions  where  that  zone  is  clearly 
resolved  into  stars  well  separated  and  seen  prafected  on  a  blade 
ground^  and  where  by  consequence  it  is  certain  if  the  foregoing 
views  be  correct  that  we  look  out  beyond  them  into  space,  the 
smallest  visible  stars  appear  as  such,  not  by  reason  of  excessiye 
distance,  but  of  a  real  inferiority  of  size  or  brightness. 

(799.)  When  we  speak  of  the  comparative  remoteness  of  cer- 
tain regions  of  the  starry  heavens  beyoiid  others,  and  of  our  own 
situation  in  them,  the  questiop  immediately  arises,  what  is  the 
distance  of  the  nearest  fixed  star  ?  What  is  the  scale  on  which 
our  visible  firmament  is  constructed  ?  And  what  proportion  do 
its  dimensions  bear  to  those  of  our  own  immediate  system  ?  To 
these  questions  astronomy  has  at  length  been  enabled  to  afford  an 
answer. 

(800.)  The  diameter  of  the  earth  has  served  us  for  the  base  of 
a  triangle,  in  the  trigonometrical  survey  of  our  system  (art.  274), 
by  which  to  calculate  the  distance  of  the  sun ;  but  the  extreme 
mmuteness  of  the  sun's  parallax  (art.  357)  renders  the  calculation 
from  this  <<  ill-conditioned"  triangle  (art.  275)  so  delicate,  that 
nothing  but  the  fortunate  combination  of  favourable  circumstances, 
afforded  by  the  transits  of  Venus  (art.  479),  could  render  its  results 
even  tolerably  worthy  of  reliance.  But  the  earth's  diameter  is  too 
small  a  base  for  direct  triangulation  to  the  verge  even  of  our  own 
system  (art.  526),  and  we  are,  therefore,  obliged  to  substitute  the 
annual  parallax  for  the  diurnal,  or,  which  comes  to  the  same  thing, 

*  It  would  be  doing  great  iojustice  to  the  iUiutrioas  antronomer  of  Palkova 
(whose  opinion,  if  we  here  seem  to  controvert,  it  is  with  the  utmost  posdble  defer- 
enee  and  respect)  not  to  mention  that  at  the  time  of  his  writing  the  remarkable 
esny  already  more  than  onoe  cited,  in  which  the  Tiews  in  question  are  delivered, 
he  could  not  have  been  aware  of  the  important  hctB  alluded  to  in  the  text,  die 
work  in  which  Ihey  are  described  being  then  nnpabtished. 
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to  ground  our  calculation  on  the  relative  velocities  of  the  earth 
and  planets  in  their  orbits  (art.  486),  when  we  would  push  our 
trianguiation  to  that  extent.  It  might  be  naturally  enough  ex- 
pected, that  by  this  enlargement  of  our  base  to  the  vast  diameter 
of  the  earth's  orbit,  the  next  step  in  our  survey  (art.  275),  would 
be  made  at  a  great  advantage ; — ^that  our  change  of  station,  from 
side  to  side  of  it,  would  produce  a  considerable  and  easily  mea- 
surable amount  of  annual  parallax  in  the  stars,  and  that  by  its 
means  we  should  come  to  a  knowledge  of  their  distance.  ]3ut, 
after  exhausting  every  refinement  of  observation,  astronomers  were^ 
up  to  a  very  late  period,  unable  to  come  to  any  positive  and  coin- 
cident conclusion  upon  this  head ;  and  the  amount  of  such  parallax, 
even  for  the  nearest  fixed  star  examined  with  the  requisite  atten- 
tion, remained  mixed  up  with,  and  concealed  among,  the  errors 
incidental  to  all  astronomical  determinations.  The  nature  of  these 
errors  has  been  explained  in  the  earlier  part  of  this  work,  and  we 
need  not  remind  the  reader  of  the  difficulties  which  must  neces- 
sarily attend  the  attempt  to  disentangle  an  element  not  exceeding 
a  few  tenths  of  a  second  or  at  most  a  whole  second  from  the  host 
of  uncertainties  entailed  on  the  results  of  observations  by  them : 
none  of  them  individually  perhaps  of  greater  magnitude,  but  em- 
barrassing by  their  number  and  fluctuating  amount.  Nevertheless, 
by  successive  refinements  in  instrument  making,  and  by  constantly 
progressive  approximation  to  the  exact  knowledge  of  the  Urano- 
graphical  corrections,  that  assurance  had  been  obtained,  even  in 
the  earlier  years  of  the  present  century,  viz.  that  no  star  visible  in 
northern  latitudes,  to  which  attention  had  been  directed,  manifested 
an  amount  of  parallax  exceeding  a  single  second  of  arc.  It  is 
worth  while  to  pause  for  a  moment  to  consider  what  conclusions 
would  follow  from  the  admission  of  a  parallax  to  this  amount. 

(801.)  Radius  is  to  the  sine  of  1''  as  206265  to  1.  In  this 
proportion  then  at  kast  must  the  distance  of  the  fixed  stars  from 
the  sun  exceed  that  of  the  sun  from  the  earth.  Again,  the  latter 
distance,  as  we  have  already  seen  (art.  357),  exceeds  the  earth's 
radius  in  the  proportion  of  23984  to  1.  Takmg  therefore  the 
earth's  radius  for  unity,  a  parallax  of  1''  supposes  a  distance  of 
4947059J60  or  nearly  five  thousand  millions  of  such  units :  and 
lastly,  to  descend  to  ordinary  standards,  since  the  earth's  radius 
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may  be  taken  at  4000  of  our  miles,  we  find  19788239040000  or 
about  twenty  billions  of  miles  for  our  resulting  aistance. 

(802.)  In  such  numbers  the  imagination  is  lost.  The  only 
mode  we  have  of  conceiving  such  intervals  at  all  is  by  the  time 
which  it  would  require  for  light  to  traverse  them.  Light,  as  we 
know  (art.  545),  travels  at  the  rate  of  192000  miles  per  second, 
traversing  a  semidiameter  of  the  earth's  orbit  in  8^  13**3.  It 
would,  therefore,  occupy  206265  times  this  interval  or  3  years 
and  83  days  to  traverse  the  distance  in  question.  Now  as  this  is 
an  inferior  limit  which  it  is  already  ascertained  that  even  the 
brightest  and  therefore  (in  the  absence  of  all  other  indications)  the 
nearest  stars  exceed,  what  are  we  to  allow  for  the  distance  of  those 
innumerable  stars  of  the  smaller  magnitudes  which  the  telescope 
discloses  to  us !  What  for  the  dimensions  of  the  galaxy  in  whose 
remoter  regions,  as  we  have  seen,  the  united  lustre  of  myriads  of 
stars  is  perceptible  only  in  powerful  telescopes  as  a  feeble  nebu- 
lous gleam ! 

(803.)  The  space-penetrating  power  of  a  telescope  or  the  compa- 
rative distance  to  which  a  given  star  would  require  to  be  removed 
in  order  that  it  may  appear  of  the  same  brightness  in  the  telescope 
as  before  to  the  naked  eye,  may  be  calculated  from  the  aperture 
of  the  telescope  compared  with  that  of  the  pupil  of  the  eye,  and 
from  its  reflecting  or  transmitting  power,  i.  e.  the  proportion  of  the 
incident  light  it  conveys  to  the  observer's  eye.  Thus  it  has  been 
computed  that  the  space-penetrating  power  of  such  a  reflector  as 
that  used  in  the  star-gauges  above  referred  to  is  expressed  by  the 
number  75.  A  star  then  of  the  sixth  magnitude  removed  to  75 
times  its  distance  would  still  be  perceptible  as  a  star  with  that 
instrument,  and  admitting  such  a  star  to  have  100th  part  of  the 
light  of  a  standard  star  of  the  first  magnitude,  it  will  follow  that 
such  a  standard  star,  if  removed  to  750  times  its  distance,  would 
excite  in  the  eye,  when  viewed  through  the  gauging  telescope,  the 
same  impression  as  a  star  of  the  sixth  magnitude  does  to  the  naked 
eye<  Among  the  infinite  multitude  of  such  stars  in  the  remoter 
regions  of  the  galaxy,  it  is  but  fair  to  conclude  that  innumerable 
individuals  equal  in  intrinsic  brightness  to  those  which  immediately 
surround  us  must  exist.  The  light  of  such  stars  then  must  have 
occupied  upwards  of  2000  years  in  travelling  over  the  distance 
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which  separates  them  from  our  own  system.  It  follows  then  that 
when  we  observe  the  places  and  note  ihe  appearances  of  such 
stars,  we  are  only  reading  their  history  of  two  thousand  years' 
anterior  date  thus  wonderfully  recorded.  We  cannot  escape  this 
conclusion  but  by  adopting  as  an  alternative  an  intrinsic  inferiority 
of  light  in  all  the  smaller  stars  of  the  galaxy.  We  shall  be  better 
able  to  estimate  the  probability  of  this  alternative  when  we  shall 
have  made  acquaintance  with  other  sidereal  systems  whose  exist- 
ence the  telescope  discloses  to  us,  and  whose  analogy  will  satisfy 
us  that  the  view  of  the  subject  here  taken  is  in  perfect  harmony 
with  the  general  tenor  of  astronomical  facts. 

(804.)  Hitherto  we  have  spoken  of  a  parallax  of  1''  as  a  mere 
limit  below  which  that  of  any  star  yet  examined  assuredly,  or  at 
least  very  probably  falls,  and  it  is  not  without  a  certain  conveni- 
ence to  regard  this  amount  of  parallax  as  a  sort  of  unit  of  reference, 
which,  connected  in  the  reader's  recollection  with  a  parallactic 
unit  of  distance  from  our  system  of  20  billions  of  miles,  and  with 
a  3^  year's  journey  of  light,  may  save  him  the  trouble  of  such 
calculations,  and  ourselves  the  necessity  of  covering  our  pages 
with  such  enormous  numbers,  when  speaking  of  stars  whose  paral- 
lax has  actually  been  ascertained  with  some  approach  to  certainty, 
either  by  direct  meridian  observation  or  by  more  refined  and  deli- 
cate methods.  These  we  shall  proceed  to  explain,  after  first 
pointing  out  the  theoretical  peculiarities  which  enable  us  to  sepa- 
rate and  disentangle  its  effects  from  those  of  the  Uranographical 
corrections,  and  from  other  causes  of  error  which  being  periodical 
in  their  nature  add  greatly  to  the  difficulty  of  the  subject.  The 
effects  of  precession  and  proper  motion  (see  art.  852)  which  are 
uniformly  progressive  from  year  to  year,  and  that  of  nutation  which- 
runs  through  its  period  in  nineteen  years,  it  is  obvious  enough, 
separate  themselves  at  once  by  these  characters  from  that  of  paral- 
lax ;  and,  being  known  with  very  great  precision,  and  being  cer- 
tainly independent,  as  regards  their  causes,  of  any  individual 
peculiarity  in  the  stars  affected  by  them,  whatever  small  uncer- 
tainty may  remain  respecting  the  numerical  elements  which  enter 
into  their  computation  (or  in  mathematical  language  their  co^ffi- 
dents)  J  can  give  rise  to  no  embarrassment.  With  regard  to 
aberration  the  case  is  materially  different.  This  correction  affects 
the  place  of  a  star  by  a  fluctuation  annual  in  its  period,  and  there- 
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fore,  so  far,  agreeing  with  parallax.  It  is  also  very  similar  in  the 
law  of  its  variation  at  different  seasons  of  the  year,  parallax  having 
for  its  apex  (see  art.  343,  344)  the  apparent  place  of  the  sun  in 
the  ecliptic,  and  aberration  a  point  in  the  same  great  circle  90^ 
behind  that  place,  so  that  in  fact  the  formulee  of  calculation  (the 
co-ef&cients  excepted)  are  the  same  for  both,  substituting  only  for 
the  sun's  longitude  in  the  expression  for  the  one,  that  longitude 
diminished  by  90^  for  the  other.  Moreover,  in  the  absence  of 
absolute  certainty  respecting  the  nature  of  the  propagation  of  light, 
astronomers  have  hitherto  considered  it  necessary  to  assume  at 
least  as  a  possibility  that  the  velocity  of  light  may  be  to  some  slight 
amount  dependent  on  individual  peculiarities  in  the  body  emit- 
ting it.* 

(805.)  If  we  suppose  a  line  drawn  from  the  star  to  the  earth  at 
all  seasons  of  the  year,  it  is  evident  that  this  line  will  sweep  over 
the  surface  of  an  exceedingly  acute,  oblique  cone,  having  for  its 
axis  the  line  joining  the  sun  and  star,  and  for  its  base  the  earth's 
annual  orbit,  which,  for  the  present  purpose,  we  may  suppose 
circular.  The  star  will  therefore  appear  to  describe  each  year 
about  its  mean  place  regarded  as  fixed,  and  in  virtue  of  parallax 
alone,  a  minute  ellipse,  the  section  of  this  cone  by  the  surface  of 
the  celestial  sphere,  perpendicular  to  the  visual  ray.  But  there  is 
also  another  way  in  which  the  same  fact  may  be  represented. 
The  apparent  orbit  of  the  star  about  its  mean  place  as  a  centre, 
will  be  precisely  that  which  it  would  appear  to  describe,  if  seen 
from  the  sun,  supposing  it  really  revolved  about  that  place  in  a 
circle  exactly, equal  to  the  earth's  annual  orbit,  in  a  plane  parallel 
to  the  ecliptic.  This  is  evident  from  the  equality  and  parallelism 
of  the  lines  and  directions  concerned.  Now  the  elTect  of  aberra- 
tion (disregarding  the  slight  variation  of  the  earth's  velocity  in 
different  parts  of  its  orbit)  is  precisely  similar  in  law,  and  differs 
only  in  amount,  and  in  its  bearing  reference  to  a  direction  90^ 
different  in  longitude.  Suppose,  in  order  to  fix  our  ideas,  the 
maximum  of  parallax  to  be  1"  and  that  of  aberration  20-5",  and 
let  A  B,  a  6,  be  two  circles  imagined  to  be  described  separately, 

*  In  the  actual  state  of  astronomy  and  photologj  this  necessity  can  hardly  be 
considered  as  stiil  existing,  and  it  is  desirable,  therefore,  that  the  practice  of  astro- 
nomers of  introducing  an  unknown  correction  for  the  constant  <^  aberration  into 
their  "  equations  of  condition"  for  the  determination  of  parallax,  should  be  disused, 
since  it  actually  tends  to  introduce  enor  into  the  final  nsult 
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as  above,  by  the  star  about  its  mean  place  S,  in  virtue  of  these 
two  causes  respectively,  S  T  being  a  line  parallel  to  that  of  the  line 
of  equinoxes.  Then  if  in  virtue  of  parallax  alone,  the  star  would 
be  found  at  a  in  the  smaller  orbit,  it  would  in  virtue  of  aberration 
alone  be  found  at  A,  in  the  larger,  the  angle  a  S  A  being  a  right 
angle.  Drawing  then  A  C  equal  and  parallel  to  S  a,  and  joining 
S  C,  it  will  be  in  virtue  of  both  simultaneously  be  found  in  C,  i.  e. 
in  the  circumference  of  a  circle  whose  radius  is  S  C,  and  at  a  point 
in  that  circle,  in  advance  of  A,  the  aberrational  place,  by  the  angle 
A  S  C.     Now  since  S  A  :  A  C  : :  20-5  :  1,  we  find  for  the  angle 

Fig.  109. 

c 


A  S  C  2°  47'  35",  and  for  the  length  of  the  radius  S  C  of  the 
circle  representing  the  compound  motion  S0"*524.  The  difference 
(0"*024)  between  this  and  S  C,  the  radius  of  the  aberration  circle, 
is  quite  imperceptible,  and  even  supposing  a  quantity  so  minute 
to  be  capable  of  detection  by  a  prolonged  series  of  observations, 
it  would  remain  a  question  whether  it  were  produced  by  parallax 
or  by  a  specific  difference  of  aberration  from  the  general  average 
20"*5  in  the  star  itself.  It  is  therefore  to  the  difference  of  2^  48' 
between  the  angular  situation  of  the  displaced  star  in  this  hypo- 
thetical orbit,  t.  e.  in  the  arguments  (as  they  are  called)  of  the 
joint  correction  (T  S  C)  and  that  of  aberration  alone  (T  S  A), 
that  we  have  to  look  for  the  resolution  of  the  problem  of  parallax. 
The  reader  may  easily  figure  to  himself  the  delicacy  of  an  inquiry 
which  turns  wholly  (even  when  stripped  of  all  its  other  difficulties) 
on  the  precise  determination  of  a  quantity  of  this  nature,  and  of 
such  very  moderate  magnitude. 
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(806.)  But  these  other  difficulties  tbemselyes  are  of  no  trifling 
order.  All  astronomical  instruments  are  aflfected  by  differences 
of  temperature.  Not  only  do  the  'materials  of  which  they  are 
composed  expand  and  contract,  but  the  masonry  and  solid  piers 
on  which  they  are  erected,  nay  even  the  ver^  soil  on  which  these 
are  founded,  participate  in  the  general  change  from  summer  warmth 
to  winter  cold.  Hence  arise  slow  oscillatory  movements  of  ex« 
ceedingly  minute  amount,  which  levels  and  plumblines  afford  but 
very  inadequate  means  of  detecting,  and  which  being  also  annual 
in  their  period  (after  rejecting  whatever  is  merely  casual  and  mo- 
mentary) mix  themselves  intimately  with  the  matter  of  our  inquiry. 
Refraction  too,  besides  its  casual  variations  from  night  to  night, 
which  a  long  series  of  observations  would  eliminate,  depends  for 
its  theoretical  expression  on  the  constitution  of  the  strata  of  our 
atmosphere,  and  the  law  of  the  distribution  of  heat  and  moisture  at 
different  elevations,  which  cannot  be  unaffected  by  difference  of 
season.  No  wonder  then  that  mere  meridional  observations  should, 
almost  up  to  the  present  time,  have  proved  insufficient,  except  in 
one  very  remarkable  instance,  to  afford  unquestionable  evidence, 
and  satisfactory  quantitative  measurement  of  the  parallax  of  any 
fixed  star. 

(807.)  The  instance  referred  to  is  that  of »  Centauri,  one  of  the 
brightest  and  for  many  other  reasons,  one  of  the  most  remarkable 
of  the  southern  stars.  From  a  series  of  observations  of  this  star, 
made  at  the  Royal  Observatory  of  the  Cape  of  Good  Hope  in  the 
years  1832  and  1833,  by  Professor  Henderson,  with  the  mural 
circle  of  that  establishment,  a  parallax  to  the  amount  of  an  entire 
second  was  concluded  on  his  reduction  of  the  observations  in 
question  after  his  return  to  England.  Subsequent  observations  by 
Mr.  Maclear,  partly  with  the  same,  and  partly  with  a  new  and  far 
more  efficiently  constructed  instrument  of  the  same  description 
made  in  the  years  1839  and  1840,  have  fully  confirmed  the  reality 
of  the  parallax  indicated  by  Professor  Henderson^s  observations, 
though  with  a  slight  diminution  in  its  concluded  amount,  which 
comes  out  equal  to  0"*9128  at  about }  f  ths  of  a  second ;  bright  stars 
in  its  immediate  neighbourhood  being  unqfficted  by  a  similar  perio^ 
dical  displacement^  and  thus  affording  satisfactory  proof  that  the 
displacement  indicated  in  the  case  of  the  star  in  question  is  not 
merely  a  result  of  annual  variations  of  temperature.    As  it  is  im- 
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possible  at  present  to  answer  for  so  minute  a  quantity  as  that  by 
which  this  result  differs  from  an  exact  second,  we  may  consider 
the  distance  of  this  star  as  approximately  escpressed  by  the  paral- 
lactic  unit  of  distance  referred  to  in  art.  804* 

(808.)  A  short  time  previous  to  the  publication*  of  this  impor- 
tant result,  the  detection  of  a  sensible  and  measurable  amount  of 
parallax  in  the  star  No.  6l.Cygni  of  Flamsteed's  catalogue  of  stars 
was  announced  by  the  celebrated  astronomer  of  Konigsberg,  the 
late  M.  Bessel.f  This  is  a  small  and  inconspicuous  star,  hardly 
exceeding  the  sixth  magnitude,  but  which  bad  been  pointed  out 
for  special  observation  by  the  remarkable  circumstance  of  its 
being  affected  by  a  proper  motion  (see  art.  852),  t.  e.  a  regular 
and  continually  progressive  annual  displacement  among  the  sur- 
rounding  stars  to  the  extent  of  more  than  5"  per  annum,  a  quantity 
so  very  much  exceeding  the  average  of  similar  minute  annual  dis- 
placements which  many  other  stars  exhibit,  as  to  lead  to  a  suspi- 
cion of  its  being  actually  nearer  to  our  system.  It  is  not  a  little 
remarkable  that  a  similar  presumption  of  proximity  exists  also  in 
the  case  of  a  Centauri,  whose  unusually  large  proper  motion  of 
nearly  4"  per  annum  is  stated  by  Professor  Henderson  to  have 
been  the  motive  which  induced  him  to  subject  his  observations  of 
that  star  to  that  severe  discussion  which  led  to  the  detection  of  its 
parallax.  M.  Bessel's  observations  of  61  Cygni  were  commenced 
in  August  1837,  immediately  on  the  establishment  at  the  Konigs- 
berg  observatory  of  a  magnificent  heliometer,  the  workmanship  of 
the  celebrated  optician  Fraunhofer,  of  Munich,  an  instrument 
especially  fitted  for  the  system  of  observation  adopted ;  which 
being  totally  different  from  that  of  direct  meridional  observation, 
more  refined  in  its  conception,  and  susceptible  of  far  greater  accu- 
racy in  its  practical  application,  we  must  now  explain. 

(809.)  Parallax,  proper  motion,  and  specific  aberration  (denot- 
ing by  the  latter  phrase  that  part  of  the  aberration  of  a  star's  light 
which  may  be  supposed  to  arise  from  its  individual  peculiarities, 
and  which  we  have  every  reason  to  believe  at  all  events  an  ex- 
ceedingly minute  fraction  of  the  whole,)  are  the  only  uranographi- 
cal  corrections  which  do  not  necessarily  affect  alike  the  apparent 

*  l^f.  Hendenion'i  paper  was  read  before  the  Aatronomical  Society  of  London, 
Jan.  8,  1839.    It  bears  date  Dec.  24,  1838. 

t  Aatronomische  Nachikhten,  Nos.  366, 866.  Dec  13, 1888. 
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places  of  two  stars  situated  in,  or  very  nearly  tn,  the  same  visaal 
line.  Supposing  then  two  stars  at  an  immense  distance,  the  one 
behind  the  other,  but  otherwise  so  situated  as  to  appear  very  nearly 
along  the  same  visual  line,  they  will  constitute  what  is  called  a 
star  optically  double^  to  distinguish  it  from  a  ststr  physicMy  double^ 
of  which  more  hereafter.  Aberration  (that  which  is  common  to 
all  stars),  precession,  nutation,  nay,  even  refracHony  and  instnt' 
mental  causes  of  apparent  displacement^  will  effect  them  alike^  or 
so  very  nearly  alike  (if  the  minute  difference  of  their  apparent 
places  be  taken  into  account)  as  to  admit  of  the  difference  being 
neglected,  or  very  accurately  allowed  for,  by  an  easy  calculation. 
If  then,  instead  of  attempting  to  determine  by  observation  the 
place  of  the  nearer  of  two  very  unequal  stars  (which  will  probably 
be  the  larger)  by  direct  observation  of  its  right  ascension  and  polar 
distance,  we  content  ourselves  with  referring  its  place  to  that  of  its 
remoter  and  smaller  companion  by  differential  observation^  i.  e. 
by  measuring  only  its  difference  of  situation  from  the  lattery  we  are 
at  once  relieved  of  the  necessity  of  making  these  corrections,  and 
from  all  uncertainty  as  to  their  influence  on  the  result.  And  for 
the  very  same  reason,  errors  of  adjustment  (art.  136),  of  gradua- 
tion, and  a  host  of  instrumental  errors,  which  would  for  this  deli- 
cate purpose  fatally  affect  the  absolute  determination  of  either  star's 
place,  are  harmless  when  only  the  difference  o[  their  places,  each 
equally  affected  by  such  causes,  is  required  to  be  known. 

(810.)  Throwing  aside  therefore  the  consideration  of  all  these 
errors  and  corrections,  and  disregarding  for  the  present  the  minute 
effect  of  specific  aberration  and  the  uniformly  progressive  effect  of 
proper  motion,  let  us  trace  the  effect  of  the  differences  of  the  par- 
allaxes of  two  stars  thus  juxtaposed,  or  their  apparent  relative 
distance  and  position  at  various  seasons  of  the  year.  Now  the 
parallax  being  inversely  as  the  distance,  the  dimensions  of  the 
small  ellipses  apparently  described  (art.  805)  by  each  star  on  the 
concave  surface  of  the  heavens  by  parallactic  displacement  will 
differ, — the  nearer  star  describing  the  larger  ellipse.  But  both 
stars  lying  very  nearly  in  the  same  direction  from  the  sun,  these 
ellipses  will  be  similar  and  similarly  situated.  Suppose  S  and  s 
to  be  the  positions  of  the  two  stars  as  seen  from  the  sun,  and  let 
A  B  C  D,  a  &  c  d,  be  their  parallactic  ellipses ;  then,  since  they 
will  be  at  all  times  similarly  situated  in  these  ellipses,  when  the 
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one  star  is  seen  at  A,  the  other  will  be  seen  at  a.  When  the  eardi 
has  made  a  quarter  of  a  revolution  in  its  orbit,  their  apparent 
places  will  be  B  6;  when  another  quarter,  C  c;  and  when  another, 


D  d.  If,  then,  we  measure  carefully,  with  micrometers  adapted 
for  the  purpose,  their  apparent  situation  with  respect  to  each  other, 
at  different  times  of  the  jear,  we  should  perceive  a  periodical 
change,  both  in  the  direction  of  the  line  joining  them,  and  in  the 
distarice  between  their  centres.  For  the  lines  A  a  and  C  c  cannot 
be  parallel,  nor  the  lines  B  6  and  D  d  equal,  unless  the  ellipses  be 
of  equal  dimensions,  i.  e.  unless  the  two  stars  have  the  same  par- 
allax, or  are  equidistant  from  the  earth. 

(811.)  Now,  micrometers,  properly  mounted,  enable  us  to  mea- 
sure very  exactly  both  the  distance  between  two  objects  which  can 
be  seen  together  in  the  same  field  of  a  telescope,  and  the  position 
of  the  line  joining  them  with  respect  to  the  horizon,  or  the  meri- 
dian, or  any  other  determinate  direction  in  the  heavens.  The 
double  image  micrometer,  and  especially  the  heliometer  (art.  200, 
201,)  is  peculiarly  adapted  for  this  purpose.  The  images  of  the 
two  stars  formed  side  by  side,  or  in  the  same  line  prolonged,  how- 
ever momentarily  displaced  by  temporary  refraction  or  instrumental 
tremor,  move  together^  preserving  their  relative  situation,  the  judg- 
ment of  which  is  no  way  disturbed  by  such  irregular  movements. 
The  heliometer  also,  taking  in  a  greater  range  than  ordinary 
micrometers,  enables  us  to  compare  one  large  star  with  more  than 
one  adjacent  small  one,  and  to  select  such  of  the  latter  among 
many  near  it,  as  shall  be  most  favourably  situated  for  the  deteo- 
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tion  of  any  motion  in  the  large  one,  not  participated  in  by  its 
neighbours. 

(812.)  The  star  examined  by  Bessel  has  two  such  neighbours, 
both  very  minute,  and  therefore  probably  very  distant,  most  favour- 
ably situated,  the  one  (s)  at  a  distance  of  7'  42",  the  other  (5')  at 
11' 46"  from  the  large  star,  and  so  situated,  that  their  directions 
from  that  star  make  nearly  ti  right  angle  with  each  other.  The 
effect  of  parallax  therefore  would  necessarily  cause  the  two  dis- 
tances S  s  and  S  s'  to  vary  so  as  to  attain  their  maximum  and 
minimum  values  alternately  at  three-monthly  intervals,  and  this  is 
what  was  actually  observed  to  take  place,  the  one  distance  being 
always  most  rapidly  on  the  increase  or  decrease  when  the  other 
was  stationary  (the  uniform  effect  of  proper  motion  being  under- 
stood of  course  to  be  always  duly  accounted  for).  This  alterna- 
tion, though  so  small  in  amount  as  to  indicate,  as  a  final  result,  a 
parallax,  or  rather  a  difference  of  parallaxes  between  the  large  and 
small  stars  of  hardly  more  than  one  third  of  a  second,  was  main- 
tained with  such  regularity  as  to  leave  no  room  for  reasonable 
doubt  as  to  its  cause,  and  having  been  confirmed  by  the  further 
continuance  of  these  observations,  and  quite  recently  by  the  exact 
coincidence  between  the  result  thus  obtained,  and  that  deduced 
by  M.  Peters  from  observations  of  the  same  star  at  the  observatory 
of  Pulkova,*  is  considered  on  all  hands  as  fully  established.  The 
parallax  of  this  star  finally  resulting  from  Bessel's  observation  is 
0"-348,  so  that  its  distance  from  our  system  is  very  nearly  three 
parallactic  units.     (Art.  804.) 

(813.)  The  bright  star  a  Lyra;  has  also  near  it,  at  only  43"  dis- 
tance (and  therefore  within  the  reach  of  the  parallel  wire  or  ordi- 
nary double  image  micrometer)  a  very  minute  star,  which  has  been 
subjected  since  1835  to  a  severe  and  assiduous  scrutiny  by  M. 
Struve,  on  the  same  principle  of  differential  observation.  He  has 
thus  established  the  existence  of  a  measurable  amount  of  parallax 
in  the  large  star,  less  indeed  than  that  of  61  Cygni  (being  only 
about  ^  of  a  second),  but  yet  sufficient  (such  was  the  delicacy  of 
his  measurements)  to  justify  this  excellent  observer  in  announcing 
the  result  as  at  least  highly  probable,  on  the  strength  of  only  five 
nights^  observation,  in  1835  and  1836.  This  probability,  the  con* 
tinuation  of  the  measures  to  th,e  end  of  1838  and  the  corrobora- 

*  With  the  great  vertical  circle  Vy  ErteL 
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Xivey  though  not  in  this  case  precisely  coincident,  result  of  Mr. 
Peters's  investigations  have  converted  into  a  certainty.  M .  Struve 
has  the  merit  of  being  the  first  to  bring  into  practical  application 
this  method  of  observation,  whici^  though  proposed  for  the  pur- 
pose, and  its  great  advantages  pointed  out  by  Sir  William  Herschel 
so  early  as  1781,*  remained  long  unproductive  of  any  result, 
owing  partly  to  the  imperfection  of  micrometers  for  the  measure- 
ment of  distance,  and  partly  to  a  reason  which  we  shall  presently 
have  occasion  to  refer  to. 

(814.)  If  the  component  individuals  S,  s  (Jig,  art.  810,)  be  (as 
is  often  the  case)  very  close  to  each  other,  the  parallactic  variation 
of  their  angle  of  posiiiony  or  the  extreme  angle  included  between 
the  lines  A  a,  C  c,  may  be  very  considerable,  even  for  a  small 
amount  of  difference  of  parallaxes  between  the  large  and  small 
stars.  For  instance  in  the  case  of  two  adjacent  stars  15"  asunder, 
and  otherwise  favourably  situated  for  observation,  an  annual  fluc- 
tuation to  and  fro  in  the  apparent  direction  of  their  line  of  junction 
to  the  extent  of  half  a  degree  (a  quantity  which  could  not  escape 
notice  in  the  means  of  numerous  and  careful  measurements)  would 
correspond  to  a  diflerence  of  parallax  of  only  ^  of  a  second.  A 
difierence  of  1"  between  two  stars  apparently  situated  at  5"  dis- 
tance might  cause  an  oscillation  in  that  line  to  the  extent  of  no 
less  than  1 1^,  and  if  nearer  one  proportionally  still  greater.  This 
mode  of  observation  has  not  yet  been  put  in  practice,  but  seems  to 
oiTer  great  advantages.! 

(815.)  The  following  is  a  list  of  stars  to  which  parallax  has  been 
up  to  the  present  time  more  or  less  probably  assigned : 

a  Centauri      .-.-.-  0*918  (Henderson.) 

61  Cygni 0-348  (Bessel.) 

a  LyrsB  --------  0*261  (Struve.) 

Sinus 0*230  (Henderson.) 

1880  Groombridget 0-226  (Peters.) 

(  Ursaj  Majoria 0-133    ditto. 

Arcturus 0127    ditto. 

Polaris 0-067    ditto. 

Capellft 0  046    ditto. 

*  It  hai  been  referred  even  to  Galileo.  But  the  general  explanation  of  Parallax 
in  the  Syatema  Coemicam,  Dial.  iii.  p.  271,  (Leyden  edit  1699,)  to  which  the 
reference  applies,  does  not  touch  any  of  the  peculiar  features  of  the  case,  or  meet 
any  of  its  difficulties. 

f  See  Phil.  Trans.  1896,  p.  266,  et  aeq.  and  1827,  for  a  list  of  stars  well  adapted 
for  such  observation,  with  the  times  of  the  year  most  favourable. — The  list  in  Phil. 
Trans.  1826,  is  incorrect. 

X  Groombridge's  catalogue  of  circumpolar  stars. 
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Although  (be  extreme  minuteness  of  the  last  four  of  these  results 
deprives  them  of  much  numerical  reliance^  it  is  at  least  certain 
that  the  parallaxes  by  no  means  follow  the  order  of  magnitudes, 
and  this  is  farther  shown  by  the  fact  that  a  Cygni,  one  of  M. 
Peters's  stars,  shows  absolutely  no  indications  of  any  measurable 
parallax  whatever. 

(816.)  From  the  distance  of  the  stars  we  are  naturally  led  to 
the  consideration  of  their  real  magnitudes.  But  here  a  diflSculty 
arises,  which,  so  far  as  we  can  judge  of  what  optical  instruments 
are  capable  of  effecting,  must  always  remain  insuperable.  Tele- 
scopes afford  us  only  negative  information  as  to  the  apparent 
angular  diameter  of  any  star.  The  round,  well-defined,  planetary 
discs  which  good  telescopes  show  when  turned  upon  any  of  the 
brighter  stars  are  phenomena  of  diffraction,  dependent,  though  at 
present  somewhat  enigmatically,  on  the  mutual  interference  of  the 
rays  of  light.  They  are  consequently,  so  far  as  this  inquiry  is  con- 
cerned, mere  optical  illusions,  and  have  therefore  been  termed 
spurious  discs.  The  proof  of  this  is  that  telescopes  of  different 
apertures  and  magnifying  powers,  when  applied  tor  the  purpose  of 
measuring  their  angular  diameters,  give  different  results,  the 
greater  aperture  (even  with  the  same  magnifying  power)  giving 
the  smaller  disc*  That  the  true  disc  of  even  a  large  and  bright 
star  can  have  but  a  very  minute  angular  measure,  appears  from 
the  fact  that  in  the  occultation  of  such  a  star  by  the  moon,  its 
extinction  is  absolutely  instantaneous y  not  the  smallest  trace  of 
gradual  diminution  of  light  being  perceptible.  The  apparent  or 
spurious  disc  also  remains  perfectly  round  and  of  its  full  size  up 
to  the  instant  of  disappearance,  which  could  not  be  the  case  were 
it  a  real  object.  If  our  sun  were  removed  to  the  distance  expressed 
by  our  parallactic  unit  (art.  804),  its  apparent  diameter  of  32'  3" 
would  be  reduced  to  only  0"-0093,  or  less  than  the  hundredth  of 
a  second^  a  quantity  which  we  have  not  the  saiallest  reason  to 
hope  any  practical  improvement  in  telescopes  will  ever  show  as 
an  object  having  distinguishable ybrm. 

(817.)  There  remains  therefore  only  the  indication  which  the 
quantity  of  light  they  send  to  us  may  afford.  But  here  again  an- 
other difficulty  besets  us.  The  light  of  the  sun  is  so  immensely 
superior  in  intensity  to  that  of  any  star,  that  it  is  impracticable  to 
obtain  any  direct  comparison  between  them.    But  by  using  the 


ABSOLUTS  UGHT  OF  OBBTAIH  STARS.  519 

moon  as  an  intermediate  term  of  comparison  it  may  be  done,  not 
indeed  with  much  precision,  but  sufficiently  well  to  satisfy  in  some 
degree  our  curiosity  on  the  subject.  Now  g^  Centauri  has  been 
directly  compared  with  the  moon  by  the  method  explained  in  art. 
783.  By  a  mean  of  eleven  such  comparisons  made  in  various 
states  of  the  moon,  duly  reduced  and  making  the  proper  allowance 
on  photometric  principles  fqr  the  moon's  light  lost  by  transmission 
through  the  lens  and  prism,  it  appears  that  the  mean  quantity  of 
light  sent  to  the  earth  by  a  full  moon  exceeds  that  sent  by  a  Cen- 
tauri in  the  proportion  of  27408  to  1.  Now  WoUastoo,'  by  a 
method  apparently  unobjectionable,  found*  the  proportion  of  the 
sun's  light  to  that  of  the' full  moon  to  be  that  of  801072  to  1. 
Combbiog  these  results,  we  find  the  light  sent  us  by  the  sun  to 
be  to  that  sent  by  ^  Centauri  as  21,955,000,000,  or  about  twenty- 
two  thousand  millions  to  1.  Hence  from  the  parallax  assigned 
above  to  that  star,  it  is  easy  to  conclude  that  its  intrinsic  splendour, 
as  compared  with  that  of  our  «ttn  at  equal  distances,  is  2*3247, 
that  of  the  sun  being  unity.f 

(818.)  The  light  of  Sirius  is  four  times  that  of  »  Centauri  and 
its  parallax  only  0''*230.  (Art.  230.)  This  in  effect  ascribes  to 
it  an  intrinsic  splendour  equal  to  63*02  times  that  of  our  sun.| 

*  Wollaston,  Phil.  Trant.  1829,  p.  27. 

f  RetuUs  of  Aatrononucal  ObatrvaHons  at  the  Cape  of  Good  Hope,  «W.,  Art 
278,  p.  363.  If  only  the  results  obtained  near  the  quadratures  of  the  moon  (which 
is  the  situation  most  favourable  to  exactness)  be  used,  the  resulting  value  of  the 
intrhiaic  light  of  the  star  (the  sun  being  unity)  is  4*  1 566.  On  the  other  hand,  if 
only  those  procured  near  the  full  moon  (the  worst  time  for  observation)  be  employ- 
ed, the  result  is  1-40 1 7.  Discordances  of  this  kind  will  startle  no  one  conversant 
with  Photometry.  That  a,  Centauri  really  emits  more  light  than  our  sun  must,  we 
conceive,  be  regarded  as  an  established  fktL  To  those  who  may  refer  io  the  work 
dted  it  is  necessary  to  mention  that  the  quantity  there  designated  by  M,  expresses, 
on  the  scale  there  adopted,  500  times  the  actual  illuminating  power  of  the  moon  at 
the  time  of  observation,  that  of  the  mean  full  moon  being  unity. 

i  See  the  work  abov»  cited,  p.  367. — Wollaston  makes  the  light  of  Sirius  one 
20,000-milIionth  of  the  sun's.  Steinheil,  by  a  very  uncertain  method,  found  0=: 
(3286500)>  X  Arctorus. 
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SITUATION  OF  THE  SOLAR  APEX ^AGREEMENT  OF  SOUTHERN  AND 

NORTHERN  STARS  IN  GIVING  THE  SAME  RESULT. — ^PRINCIPLES  ON 

WHICH  THE  INVESTIGATION  OF  THE   SOLAR  MOTION  DEPENDS. 

ABSOLUTE  VELOCITY  OF  THE  SUn's  MOTION, SUPPOSED  REVOLU- 
TION OF  THE  WHOLE  SIDEREAL  SYSTEM  ROUND  A  COMMON  CENTRE. 

SYSTEMATIC    PARALLAX   AND    ABERRATION EFFECT   OF    THE 

MOTION  OF  LIGHT  IN  ALTERING  THE  APPARENT  PERIOD  OF  A 
BINARY  STAR. 

(819.)  Now,  for  what  purpose  are  we  to  suppose  such  magni- 
ficent bodies  scattered  through  the  abyss  of  space  ?  Surely  not  to 
illuminate  our  nights,  which  an  additional  moon  of  the  thousandth 
part  of  the  size  of  our  own  would  do  much  better,  nor  to  sparkle 
as  a  pageant  void  of  meaning  and  reality,  and  bewilder  us  among 
vain  conjectures.  Useful,  it  is  true,  they  are  to  man  as  points  of 
exact  and  permanent  reference ;  but  he  must  have  studied  astro- 
nomy to  little  purpose,  who  can  suppose  man  to  be  the  only  object 
of  his  Creator's  care,  or  who  does  not  see  in  the  vast  and  wonder- 
ful apparatus  around  us  provision  for  other  races  of  animated 
beings.  The  planets,  as  we  have  seen,  derive  their  light  from 
the  sun ;  but  that  cannot  be  the  case  with  the  stars.    These  doubt- 
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less,  then,  are  themselves  sons,  and  may,  perhaps,  each  m  its 
sphere,  be  the  presiding  centre  round  which  other  planets,  or 
bodies  of  which  we  can  form  no  conception  from  any  analogy 
ofiered  by  our  own  system,  may  be  circulating. 

(820.)  Analogies,  however,  more  than  conjectural,  are  not  want- 
ing to  indicate  a  correspondence  between  the  dynamical  laws 
which  prevail  in  the  remote  regions  of  the  stars  and  those  which 
govern  the  motions  of  our  own  system.  Wherever  we  can  trace 
the  law  of  periodicity — ^the  regular  recurrence  of  the  same  phe- 
nomena in  the  same  times — we  are  strongly  impressed  with  the 
idea  of  rotatory  or  orbitual  motion.  Among  the  stars  are  several 
which,  though  no  way  distinguishable  from  others  by  any  appa- 
rent change  of  place,  nor  by  any  difference  of  appearance  in  tele- 
scopes, yet  undergo  a  more  or  less  regular  periodical  increase  and 
diminution  of  lustre,  involving  in  one  or  two  cases  a  complete 
extinction  and  revival.  These  are  called  periodical  stars.  The 
longest  known  and  one  of  the  most  remarkable  is  the  star  Omir 
croTij  in  the  constellation  Cetus  (sometimes  called  Mira  Ceti), 
which  was  first  noticed  as  variable  by  Fabricius  in  1596.  It 
appears  about  twelve  times  in  eleven  years,  or  more  exactly  in  a 
period  of  331^  15*^  7"" ;  remains  at  its  greatest  brightness  about  a 
fortnight,  being  then  on  some  occasions  equal  to  a  large  star  of 
the  second  magnitude ;  decreases  during  about  three  months,  till 
it  becomes  completely  invisible  to  the  naked  eye,  in  which  state 
it  remains  about  five  months :  and  continues  increasing  during  the 
remainder  of  its  period.  Such  is  the  general  course  of  its  phases. 
It  does  not  always  however  return  to  the  same  degree  of  bright- 
ness, nor  increase  and  diminish  by  the  same  gradations,  neither 
are  the  successive  intervals  of  its  maxima  equal.  From  the  recent 
observations  and  inquiries  into  its  history  by  M.  Argelander,  the 
mean  period  above  assigned  would  appear  to  be  subject  to  a  cycli- 
cal fluctuation  embracing  eighty-eight  such  periods,  and  having 
the  effect  of  gradually  lengthening  and  shortening  alternately  those 
intervals  to  the  extent  of  twenty-five  days  on^  way  and  the  other.* 
The  irregularities  in  the  degree  of  brightness  attained  at  the  maxi- 
mum are  probably  also  periodical.  Hevelius  relatesf  that  during 
the  four  years  between  October  1672  and  December  1676  it  did 
not  appear  mt  all.    It  was  unusually  bright  on  October  5, 1839^ 

*  Astronom.  Nachr.  No.  624.         |  Lalanda's  AjrtroDomy,  art  794. 
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(the  epoch  of  its  maximam  for  that  year  according  to  M.  Arge* 
lander's  observations,)  when  it  exceeded  o  Ceti  and  equalled  0 
Aurigae  in  lastre. 

(821.)  Another  very  remarkable  periodical  star  is  that  called 
Algol,  or  /3  Persei.  It  is  usually  visible  as  a  star  of  the  second 
magnitude,  and  such  it  continues  for  the  space  of  2^  13^\  when 
it  suddenly  begins  to  diminish  in  splendour,  and  in  about  3^ 
hours  is  reduced  to  the  fourth  magnitude,  at  which  it  continues 
about  15™.  It  then  be^ns  again  to  increase,  and  in  3^  hours 
more  is  restored  to  its  usual  brightness,  going  through  all  its 
changes  in  2^  20^  48°^  58**6.  This  remarkable  law  of  variation 
certainly  appears  strongly  to  suggest  the  revolution  round  it  of 
some  opaque  body,  which  when  interposed  between  us  and  Algol, 
cuts  off  a  large  portion  of  its  light ;  and  this  is  accordingly  the 
view  taken  of  the  matter  by  Ooodricke,  to  whom  we  owe  the  dis* 
covery  of  this  remarkable  fact,*  in  the  year  1782 ;  since  which 
time  the  same  phenomena  have  continued  to  be  observed,  but 
with  this  remarkable  additional  point  of  interest;  yiz.  that  the 
more  recent  observations  as  compared  with  the  earlier  ones  indi- 
cate a  diminution  in  the  periodic  time.  The  latest  observations 
of  Argelander,  Heis,  and  Schmidt,  even  go  to  prove  that  this 
diminution  is  not  uniformly  progressive,  but  is  actually  proceeding 
with  accelerated  rapidity,  which  however  will  probably  not  con- 
tinue, but,  like  other  cyclical  combinations  in  astronomy,  will  by 
degrees  relax,  and  then  be  changed  into  an  increase,  according  to 
laws  of  periodicity  which,  as  well  as  their  causes,  remain  to  be 
discovered.  The  first  minimum  of  this  star  in  the  year  1844  oc- 
curred on  Jan.  3,  at  4^  14"^  Greenwich  mean  time.f 

(822.)  The  star  ^  b  the  constellation  Cepheus  is  also  subject 
to  periodical  variations,  which,  from  the  epoch  of  its  first  observa- 
tion by  Goodricke  in  1784  to  the  present  time,  have  been  continued 

*  The  flame  diaeoTeiy  appears  to  have  been  made  nearly  about  the  aame  time 
by  Palitzch,  a  fiirmer  of  Prolitz,  near  Dresden, — a  peasant  by  station,  an  astro- 
nomer by  nature, — ^wbo,  from  his  &mitiar  acquaintance  with  the  aspect  of  the ' 
heavens,  had  been  led  to  notice  among  so  many  thousand  stars  this  one  as  distin- 
guiihed  firom  the  rest  by  its  variation,  and  had  ascertained  its  period.  The  same 
Palitzch  was  also  the  first  to  re-discover  the  predicted  comet  of  Halley  in  1759, 
which  he  saw  nearly  a  month  before  any  of  the  astronomers,  who,  armed  with  their 
telescopes,  were  anxiously  watching  its  retom.  These  anecdotes  o^rry  us  back  to 
the  era  of  the  Chaldean  shepherds. 

t  Ast.  Nach.  No.  473. 
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wiA  perfect  regularity.  Its  period  from  minimam  to  minimuin  is 
5d  8^  47"^  39'-5,  the  first  or  epochal  minimum  for  1849  falling  on 
Jan.  2,  3^  13»  37"  M.  T.  at  Greenwich.  The  extent  of  its  varia- 
tion  is  from  the  fifth  to  between  the  third  and  fourth  magnitudes. 
Its  increase  is  more  rapid  than  its  diminution,  the  interval  between 
the  minimum  and  maximum  of  its  light  being  only  1^  14^,  while 
that  from  the  maximum  to.  the  minimum  b  3^  19^. 

(823.)  The  periodical  star  ^  Lyrae,  discovered  by  Goodricke 
also  in  1784,  has  a  period  which  has  been  usually  stated  at  from 
6^  9^  to  6^  11^,  and  there  is  no  doubt  that  in  about  this  interval 
of  time  its  light  undergoes  a  remarkable  diminution  and  recovery. 
The  more  accurate  observations  of  M.  Argelander  however  have 
led  him  to  conclude*  the  true  period  to  be  12*  21**  53»  10",  and 
that  in  this  period  a  double  maximum  and  minimum  takes  place, 
the  two  maxima  being  nearly  equal  and  both  about  the  3*4  magni- 
tude, but  the  minima  considerably  unequal,  viz.  4*3  and  4*5m. 
In  addition  to  this  curious  subdivision  of  the  whole  interval  of 
change  into  two  semi-periods,  we  are  presented  in  the  case  of  this 
star  with  another  instance  of  slow  alteration  of  period,  which  has 
all  the  appearance  of  being  itself  periodical.  From  the  epoch  of 
its  discovery  in  1784  to  the  year  1840  the  period  was  continually 
lengthening,  but  more  and  more  slowly,  till  at  the  last-mentioned 
epoch  it  ceased  to  increase,  and  has  since  been  slowly  on  the  de- 
crease. As  an  epoch  for  the  least  or  absolute  minimum  of  this 
star,  M.  Argelander's  calculations  enable  us  to  assign  1846  Janu- 
ary 3*  O*'  9°»  63"  G.  M.  T. 

(824.)  Another  periodical  star  whose  changes  have  been  care* 
fully  observed  is  *!  Aquilae  or  Antinoi,  first  pointed  out  by  Pigott 
in  1784  (a  year  fertile  in  such  discoveries)  as  belonging  to  that  class. 
Its  period  is  7*  4^  13*°  53",  the  first  minimum  for  1849  occurring 
on  Jan.  2,  at  19**  22™  55"  G.  M.  T.  It  occupies  fifly-seven  hours 
in  its  increase  from  5m  to  4«3m,  and  115  hours  in  its  decrease. 

(825.)  These  are  all  the  variable  stars  which  have  been  ob- 
served with  sufficient  care  and  for  a  sufficient  length  of  time  to 
enable  us  to  speak  with  precision  as  to  their  periods,  epochs,  and 
phases  of  brightness.  But  the  number  of  those  whose  period  is 
approximately  or  roughly  known  is  considerable,  and  of  those 
whose  change  is  certain,  though  its  period  and  limits  are  as  yet 

*  Astron.  Nachr.  No.  624.    See  aim  the  Tahiable  papers  \fj  thw  ezoellenl  astro- 
nomer  in  A.  N.  Nos.  417, 465,  &e. 
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unknown,  stiH  more  so.     The  following  table  includes  the  princi- 
pal among  them,  though  each  year  adds  to  their  number  : 


star. 


fi  Per«ei  (AlgoO   - 
X  Tauri        ... 
Cephei      -        -        . 
§1  Aquils       ... 

•  Cancri  R.  A.  (1800)  = 

f  Geminorum 
0  Lyrs         ... 
a  Herculis    ... 
69  B.  Scuti,  R.  A.  1801  = 

18i»37-;  N.  P.  D.  =960  67' 
e  Aurigs       .... 
oCeti(Mira) 

•  SerpentU  R.  A.  1828  =s 
15»«  46«  45»;  P.  D.  74°  20'  30" 

xpym      -       -       -       - 

V  HydriB  (B.  A.  C.  4601.)     . 

•  Cephei '(B.  A.  C.  7582.)  - 
34  Cygni  (B.  A.  C.  6990.)   - 

•  Lconis  (B.  A.  C.  3345.)     - 

•  Sagittarii  ...» 
4  Leonis,  .... 
i7Cygm,       .        .        .        . 

•  Virginia  R.  A.   (1840)  = 
l2h3o;N.  P.  D.  820  8' 

•  CoroniB  Bor.  (B.  A.  C.  6236) 
7  Arietia  (B.  A.  C.  681.)  - 
17  ArgOa  .... 
a  Orionifl      .... 

a  Ursffi  Majoria   '  -        • 
ij  UrsfB  Majoria,     -        - 
p  Ursffi  Minoris     ... 
a  Caaaiopeis         .        .        .' 

a  HydffB      .... 

•  R.  A.  (1847.)==22»»58ffl57»'9 
N.  P.  D.=80o  17'  30" 

•  R.A.  (1848.)s=7'>33««62«-2 
N.  P.  D.  =  66°  1 1'  56" 

•  R.  A.  (1848.)  =  7h40'«»10«'3 
N.  P.  D.  =  66°  63'  29" 

Near   •   R.  A.  22>>  21«   0«4 
(1848.)  N.P.D.  100O42'40" 

•  R.  A.  (1848.)  14«»  44»  39«'6 
N.P.D.  101°  45' 26" 

d  Urae  Majoria     ... 


Period. 


d.    dec. 
2-8673 

4± 
6-3664 

7-1763 

9.015 
10-2 
12-9119 
63  + 

71-200 
250+ 
331-63 

336  + 

896-875 

494  + 

6  or  6  yeara 

18  yeara  i 

Many  yean 

Ditto 

Ditto 

Ditto 


146  daya 
10^  montha 
6  yeara  1 
Irregular 
Irregular 

Some  years 

Ditto 

2  or  3  yeara  1 

225  daya? 

29  or  30  daya? 

Unknown 

Ditto 

Ditto 

Ditto 

Ditto 
Many  yean 


Obaage 

of  Mag. 

from 

to 

2 

4 

4 

6-4 

3-4 

6 

3-4 

4-6 

7-8 

10 

4*3 

4-6 

3-4 

4-6 

3 

4 

6 

0 

3 

4 

2 

0 

71 

0 

6 

11 

4 

10 

3 

6 

6 

0 

6 

0    . 

3 

6 

6 

0 

4^5 

5-6 

6-7 

0 

6 

0 

6 

8 

1 

4 

1 

1-2 

1-2 

2 

1-2 

2 

2 

2-3 

2. 

2-3 

2-3 

3 

81 

0 

9 

0 

9 

0 

7-8 

0 

8 

9-10 

21 

2-3 

DisooTored  by 


Goodricke,  1782. 
Baxendell,  1848. 
Goodricke,  1784. 
Pigott,  1784. 

Hind,  1848. 
Schmidt,  1847. 
Goodricke,  1784. 
Herachel,  1796. 

Pigott,  1796. 
Heia,  1846. 
Fabridus,  1596. 

Hanling,  1826. 
Kirch,  1687. 
Maraldi,  1704. 
Herachel,  1782. 
Janson,  1 600. 
Koch,  1782. 
Halley,  1676. 
Montanari,  1667. 
HerBchel,  Janr., 
18421 

Harding,  1814. 
Pigott,  1796. 
Plazzi,  1798. 
Burchell,  1827. 
Herachel,  Junr., 

1836. 
Ditto,  1846. 
Ditto,  1846. 
Struve,  1838. 
Herachel,  Junr., 

1838. 
Ditto,  1837. 

Hind,  1848. 

Ditto,  1848. 

Ditto,  1848. 

Rumker. 

Schumacher. 
Matter  of  general 
remark* 
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N.  B.  In  the  above  list  the  letten  B.  A.  C.  indicate  the  catalogue  of  the  British 
ABsodatioD,  B.  the  catalogue  of  Bode.  Numbera  before  the  name  of  the  constel- 
lation (as  34  Gjgni)  denote  Fiamsteed's  stars.  Since  this  table  was  drawn  up, 
four  additional  stars,  variable  from  the  8th  or  0th  magnitude  to  0,  have  been  com- 
municated to  us  by  Mr.  Hind,  whose  places  are  as  follows :  (1.)  R.  A.  l^*  d8«  24* ; 
N.  P.  D.  81<>  9'  39";  (2.)  4»«  60»  42%  82«  &  36^'  (1846)  ;  (3.)  S"  43»  8-,  SB* 
11'  (1800)  ;  (4.)  22'*  12«  9%  82<»  69'  24''  (1800).  Mr.  Hind  remariu  that  about 
several  variable  stars  some  degree  of  haziness  is  perceptible  at  their  minimum. 
Have  they  clouds  revolving  round  them  as  planetary  or  cometary  attendants  1  He 
also  draws  attention  to  the  fiict  that  the  rod  colour  predominates  among  variable 
stars  generally.  The  double  star,  No.  2718  of  Strnve'st^atalogue,  R.  A.  20»  34«, 
P.  D.  77°  54',  is  stated  by  the  author  to  be  variable.  Captain  Smyth  (Celestial 
Cycle,  i.  274,)  mentions  also  3  Leonis  and  18  Leonis  as  variable,  the  former  from 
6«  to  0,P==78  days,  the  latter  from  5"  to  10>,  P=^ll^  23",  but  without  citing 
any  authority.  Piazxi  sets  down  96  and  97  Virginia  and  38  HercuUs  as  variable 
stars. 

(826.)  Irregularities  similar  to  those  which  have  been  noticed 
in  the  case  of  o  Ceti,  in  respect  of  the  maxima  and  minima  of 
brightness  attained  in  successive  periods,  have  been  also  observed 
in  several  others  of  the  stars  in  the  foregoing  list,  z  Cygni,  for 
example,  is  stated  by  Cassini  to  have  been  scarcely  visible  through- 
out the  years  1699,  1700,  1701,  at  those  times  when  it  was  ex- 
pected  to  be  most  conspicuous.  No.  59  Scuti  is  sometimes  visible 
to  the  naked  eye  at  its  minimum,  and  sometimes  not  so,  and  its 
maximum  is  also  very  irregular.  Pigott's  variable  star  in  Corona 
is  stated  by  M.  Argelander  to  vary  for  the  most  part  so  little  that 
the  unaided  eye  can  hardly  decide  on  its  maxima  and  minima, 
while  yet  after  the  lapse  of  whole  years  of  these  slight  fluctuations, 
they  suddenly  become  so  great  that  the  star  completely  vanishes. 
The  variations  of  »  Ononis,  which  were  most  striking  and  unequivo- 
cal in  the  years  1836 — 1840,  within  the  years  since  elapsed  became 
much  less  conspicuous.  They  seem  now  (Jan.  1849)  to  have  re- 
commenced. 

(827.)  These  irregularities  prepare  us  for  other  phenomena  of 
stellar  variation,  which  have  hitherto  been  reduced  to  no  law  of 
periodicity,  and  must  be  looked  upon,  in  relation  to  our  ignorance 
and  inexperience,  as  altogether  casual ;  or,  if  periodic,  of  periods 
too  long  to  have  occurred  more  than  once  within  the  limits  of 
recorded  observation.  The  phenomena  we  allude  to  are  those  of 
Temporary  Stars ^  which  have  appeared,  from  time  to  time^  in 
different  parts  of  the  heavens,  blazing  forth  with  extraordinary 
lustre ;  and  aAer  remaining  awhile  apparently  immovable,  have 
died  away,  and  left  no  trace.    Such  is  the  star  which,  suddenly 


526  OUTLIKiBB  09  A8TB0N01CT. 

appearing  some  time  about  the  year  125  b.  c,  and  which  was 
visible  in  the  day  time^  is  said  to  have  attracted  the  attention  of 
Hipparchusy  and  led  him  to  draw  up  a  catalogue  of  stars,  the 
earliest  on  record.  Such,  too,  was  the  star  which  appeared,  a.  d. 
389,  near  a  Aquilad,  remaining  for  three  weeks  as  bright  as  Venus, 
and  disappearing  entirely.  In  the  years  945,  1264,  and  1572, 
brilliant  stars  appeared  in  the  region  of  the  heavens  between 
Cepheus  and  Cassiopeia;  and,  from  the  imperfect  account  we 
have  of  the  places  of  the  two  earlier,  as  compared  with  that  of  the 
last,  which  was  well  determined,  as  well  as  from  the  tolerably 
near  coincidence  of  the  intervals  of  their  appearance,  we  may 
suspect  them,  with  Goodricke,  to  be  one  and  the  same  star,  with 
a  period  of  312  or  perhaps  of  156  years.  The  appearance  of  the 
star  of  1572  was  so  sudden,  that  Tycho  Brahe,  a  celebrated  Danish 
astronomer,  returning  one  evening  (the  11th  of  November)  from 
his  laboratory  to  his  dwelling-house,  was  surprised  to  find  a  group 
of  country  people  gazing  at  a  star,  which  he  was  sure  did  not  exist 
half  an  hour  before.  This  was  the  star  in  question.  It  was  then 
as  bright  as  Sirius,  and  continued  to  increase  till  it  surpassed 
Jupiter  when  brightest,  and  was  visible  at  mid-day.  It  began  to 
diminish  in  December  of  the  same  year,  and  in  March  1574,  had 
entirely  disappeared.  So,  also,  on  the  10th  of  October,  1604,  a 
star  of  this  kind,  and  not  less  brilliant,  burst  forth  in  the  constella- 
tion of  Serpentarius,  which  continued  visible  till  October,  1605. 

(828.)  Similar  phenomena,  though  of  a  less  splendid  character, 
have  taken  place  more  recently,  as  in  the  case  of  the  star  of  the 
third  magnitude  discovered  in  1670,  by  Anthelm,  in  the  head  of 
the  Swan ;  which,  after  becoming  completely  invisible,  re-appear* 
ed,  and,  after  undergoing  one  or  two  singular  fluctuations  of  light, 
during  two  years,  at  last  died  away  entirely,  and  has  not  since 
been  seen. 

(829.)  On  the  night  of  the.  28th  of  April,  1848,  Mr.  Hind 
observed  a  star  of  the  fifth  magnitude  or  5*4  (very  conspicuous  to 
the  naked  eye)  in  a  part  of  the  constellation  Ophiuchus  (R.  A. 
16^  51~  l*-5.  N.P.D.  102^  39'  14"),  where,  from  perfect  familiarity 
with  that  region,  he  was  certain  that  up  to  the  5th  of  that  month 
no  star  so  bright  as  9*10  m.  previously  existed.  Neither  has  any 
record  been  discovered  of  a  star  being  there  observed  at  any  pre* 
vious  time.  From  the  time  of  its  discovery  it  continued  to  diminiah| 
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without  any  alteration  of  place,  and  before  the  advance  of  the 
season  rendered  further  observation  impracticable,  was  nearly  ex« 
tinct..  Its  colour  was  ruddy,  and  was  thought  by  many  observers 
to  undergo  remarkable  changes,  an  effect  probably  of  its. low  situa« 
^on. 

(830.)  The  alterations  of  brightness  in  the  southern  star  ?  Argfis, 
which  have  been  recorded,  are  very  singular  and  surprising.  In 
the  time  of  Halley  (1677)  it  appeared  as  a  star  of  the  fourth  magni* 
tude.  Lacaille,  in  1751,  observed  it  of  the  second.  In  the  inter- 
val from  1811  to  1815,  it  was  again  of  the  fourth ;  and  again  from 
1822  to  1826  of  the  second.  On  the  first  of  February,  1827,  it 
was  noticed  by  Mr.  Burchell  to  have  increased  to  the  first  magni- 
tude, and  to  equal  a  Crucis.  Thence  again  it  receded  to  the  second ; 
and  so  continued  until  the  end  of  1837.  All  at  once  in  the 
beginning  of  1838  it  suddenly  increased  in  lustre  so  as  to  surpass 
all  the  stars  of  the  first  magnitude  except  Sirius,  Canopus,  and 
o  Centauri,  which  last  star  it  nearly  equalled.  Thence  it  again 
diminished,  but  this  time  not  below  the  first  magnitude  until  April, 
1843,  when  it  had  again  increased  so  as  to  surpass  Canopus,  and 
nearly  equal  Sirius  in  splendour.  <<  A  strange  field  of  speculation," 
it  has  been  remarked,  <(is  opened  by  this  phenomenon.  The 
temporary  stars  heretofore  recorded  have  all  become  totally  extinct. 
Variable  stars,  so  far  as  they  have  been  carefully  attended  to,  have 
exhibited  periodical  alternations,  in  some  degree  at  least  regular, 
of  splendour  and  comparative  obscurity.  But  here  we  have  a 
star  fitfully  variable  to  an  astonishing  extent,  and  whose  fluctuations 
are  spread  over  centuries,  apparently  in  no  settled  period,  and  with 
no  regularity  of  progression.  What  origin  can  we  ascribe  to  these 
sudden  flashes  and  relapses  ?  What  conclu^ons  are  we  to  draw 
as  to  the  comfort  or  habitability  of  a  system  depending  for  its 
supply  of  light  and  heat  on  so  uncertain  a  source  ?"  Speculations 
of  this  kind  can  hardly  be  termed  visionary,  when  we  consider 
that,  from  what  has  before  been  said,  we  are  compelled  to  admit 
a  community  of  nature  between  the  fixed  sters  and  our  own  sun ; 
and  when  we  reflect  that  geology  testifies  to  the  fact  of  extensive 
changes  having  taken  place  at  epochs  of  the  most  remote  antiquity 
in  the  climate  and  temperature  of  our  globe ;  changes  difficult  to 
reconcile  with  the  operation  of  secondary  causes,  such  as  a  difierent 
distribution  of  sea  and  land,  but  which  would  find  an  easy  and 
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natural  explanation  in  a  slow  variation  of  the  supply  of  light  and 
heat  afforded  primarily  by  the  sun  itself. 

(831.)  The  Chinese  annals  of  Ma«touanJin,*  in  which  stand 
officially  recorded,  though  rudely,  remarkable  astronomical  pheno- 
mena, supply  a  long  list  of  «  strange  stars,"  among  which,  thougji 
the  greater  part  are  evidently  comets,  some  may  be  recognized  as 
belonging  in  all  probability  to  the  class  of  Temporary  Stars  as  above 
characterized.  Such  is  that  which  is  recorded  to  have  appeared  in 
A.  D.  173,  between  a  and  ^  Ceniauriy  which  (no  doubt,  scintillating 
from  its  low  situation)  exhibited  <<  the  five  colours,"  and  remained 
visible  from  December  in  that  year  till  July  in  the  next.  And 
another  which  these  annals  assign  to  a.  d.  1011,  and  which  would 
seem  to  be  identical  with  a  star  elsewhere  referred  to  a.  d.  1012, 
<<  which  was  of  extraordinary  brilliancy,  and  remained  visible  in 
the  southern  part  of  the  heavens  during  three  months, "t  a  situation 
agreeing  with  the  Chinese  record,  which  places  it  low  in  Sagit- 
tarius. Among  several  less  unequivocal  is  one  referred  to  b.  c.  134, 
in  Scorpio,  which  may  possibly  have  been  Hipparchus's  star.  None 
of  the  stars  of  a.  d.  389,  945,  1264,  and  1572,  however,  are 
noticed  in  these  records.  It  is  worthy  of  especial  notice,  that  all 
the  stars  of  this  kind  on  record,  of  which  the  places  are  distinctly 
indicated,  have  occurred,  mthouJt  excq^Honj  in  or  close  upon  the 
borders  of  the  Milky  Way,  and  t^at  only  within  the  following 
semicircle,  the  preceding  having  offered  no  example  of  the  kind. 

(832.)  On  a  careful  re-examination  of  the  heavens,  and  a  com- 
parison of  catalogues,  many  stars  are  now  found  to  be  missing ; 
and  although  there  is  no  doubt  that  these  losses  have  arisen  in  the 
great  majority  of  instances  from  mistaken  entries,  and  in  some 
from  planets  having  been  mistaken  for  stars,  yet  in  some  it  is 
equally  certain  that  there  is  no  mistake  in  the  observation  or  entry, 
and  that  the  star  has  really  been  observed,  and  as  really  has  dis- 
appeared from  the  heavens.  The  whole  subject  of  variable  stars 
is  a  branch  of  practical  astronomy  which  has  been  too  little  fol- 
lowed up,  and  it  is  precisely  that  in  which  amateurs  of  the  science, 
and  especially  voyagers  at  sea,  provided  with  only  good  eyes,  or 
moderate  instruments,  might  employ  their  time  to  exceUent  advan- 

*  Translated  b^  M.  Edward  Biot,  Connoiasanoe  des  Tempfl,  1846. 

t*  Hind,  Noticee  of  the  Astronomical  Society,  viii.  166,  citing  Hepidamras.  He 
places  the  Chineee  star  of  173  b.  c.  between  a  and  fi  Cants  JUinoris,  but  M.^Biot 
distinctly  says  a,  |3  pied  oriental  du  CenUture, 
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tage.  It  holds  out  a  sore  promise  of  rich  discovery,  and  is  one  in 
which  astronomers  in  established  observatories  are  almost  of  neces- 
sity precluded  from  taking  a  part  by  the  nature  of  the  observations 
required.  Catalogues  of  the  comparative  brightness  of  the  stars 
in  each  constellation  have  been  constructed  by  Sir  Wm.  Herschel, 
with  the  express  object  of  facilitating  these  researches,  and  the 
reader  will  find  them,  and  a  full  account  of  his  method  of  com- 
parison, in  the  Phil.  Trans.  1796,  and  subsequent  years. 

(833.)  We  come  now  to  a  class  of  phenomena  of  quite  a  dif- 
ferent character,  and  which  give  us  a  real  and  positive  insight  into 
the  nature  of  at  least  some  among  the  stars,  and  enable  us  unhesi- 
tatingly to  declare  them  subject  to  the  same  dynamical  laws,  and 
obedient  to  the  same  power  of  gravitation,  which  governs  our  own 
system.  Many  of  the  stars,  when  examined  with  telescopes,  are 
found  to  be  double,  i,  e.  to  consist  of  two  (in  some  cases  three  or 
more)  individuals  placed  near  together.  This  might  be  attributed 
to  accidental  proximity,  did  it  occur  only  in  a  few  instances ;  but 
the  frequency  of  this  companionship,  the  extreme  closeness,  and, 
in  many  cases,  the  near  equality  of  the  stars  so  conjoined,  would 
alone  lead  to  a  strong  suspicion  of  a  more  near  and  intimate  rela- 
tion than  mere  casual  juxtaposition.  The  bright  star  Castor,  for 
example,  when  much  magnified,  is  found  to  consist  of  two  stars 
of  nearly  the  third  magnitude,  within  b'^  of  each  other.  Stars  of 
this  magnitude,  however,  are  not  so  common  in  the  heavens  as  to 
render  it  otherwise  than  excessively  improbable  that,  if  scattered 
at  random,  they  would  fall  so  near.  But  this  improbability  becomes 
immensely  increased  by  a  consideration  of  the  fact,  that  this  is 
only  one  out  of  a  great  many  similar  instances.  Mitchell,  in  1767, 
applying  the  rules  for  the  calculation  of  probabilities  to  the  case  of 
the  six  brightest  stars  in  the  group  called  the  Pleiades,  found  the 
odds  to  be  600000  to  1  against  their  proximity  being  the  mere 
result  of  a  random  scattering  of  1500  stars  (which  he  supposed  to 
be  the  total  number  of  stars  of  that  magnitude  in  the  celestial 
sphere*)  over  the  heavens.  Speculating  further  on  this,  as  an 
indication  of  physical  connexion  rather  than  fortuitous  assemblage, 

*  ThU  number  is  considerably  too  small,  and  in  consequence,  MitcbeU's  odds  in 
this  case  materially  overrated.  Bat  enoug^b  will  remain,  U*  this  be  rectified,  fully  to 
bear  out  his  argument     Phil.  Trans,  vol.  57. 
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be  was  led  to  surmise  the  possibility  (since  converted  ioto  a  cer^ 
tainty,  but  at  that  tiDQe,  antecedent  to  any  observation)  of  the 
existence  of  compound  stars  revolving  about  one  another,  or  rather 
about  their  common  centre  of  gravity.  M.  Struve,  pursuing  the 
same  train  of  thought  as  applied  specially  to  the  cases  of  double 
and  triple  combinations  of  stars,  and  grounding  his  computations 
on  a  more  perfect  enumeration  of  the  stars  visible  down  to  the  7th 
magnitude,  in  the  part  of  the  heavens  visible  at  Dorpat,  calculates 
that  the  odds  are  9570  to  1  against  any  two  stars,  from  the  1st  to 
the  7th  magnitude  inclusive,  out  of  the  whole  possible  number  of 
binary  combinations  then  visible,  falling  (if  fortuitously  scattered) 
within  4"  of  each  other.  Now  the  number  of  instances  of  such 
binary  combinations  actually  observed  at  the  date  of  this  calcula- 
tion was  already  91,  and  many  more  have  since  been  added  to  the 
list.  Again,  he  calculates  that  the  odds  against  any  such  stars 
fortuitously  scattered,  falling  within  32"  of  a  third,  so  as  to  con- 
stitute a  triple  star,  is  not  less  than  173524  to  1.  Now,  four  such 
combinations  occur  in  the  heavens;  viz.  ^  Ononis,  a  Orionis,  11 
Monocerotis,  and  C  Cancri.  The  conclusion  of  a  physical  connex- 
ion of  some  kind  or  other  is  therefore  unavoidable. 

(834.)  Presumptive  evidence  of  another  kind  is  furnished  by 
the  following  consideration.  Both  a  Centauri  and  61  Cygni  are 
(<  Double  Stars.'^  Both  consist  of  two  individuals,  nearly  equal, 
and  separated  from  each  other  by  an  interval  of  about  a  quarter  of 
a  minute.  In  the  case  of  61  Cygni,  the  stars  exceeding  the  7th 
magnitude,  there  is  already  a  prim$  facie  probability  of  9578  to  1 
against  their  apparent  proximity.  The  two  stars  of  a  Centauri  are 
both  at  least  of  the  2d  magnitude,  of  which  altogether  not  more 
than  about  50  or  60  exist  in  the  whole  heavens.  But,  waving  this 
consideration,  both  these  stars,  as  we  have  already  seen,  have  a 
proper  motion  so  considerable  that,  supposing  the  constituent  indi- 
viduals unconnected,  one  would  speedily  leave  the  other  behind. 
Yet  at  the  earliest  dates  at  which  they  were  respectively  observed 
these  stars  were  not  perceived  to  be  double,  and  it  is  only  to  the 
employment  of  telescopes  magnifying  at  least  8  or  10  times,  that 
we  owe  the  knowledge  we  now  possess  of  their  being  so.  With 
9uch  a  telescope  Lacaille,  in  1751,  was  barely  able  to  perceive  the 
separation  of  the  two  constituents  of  a  Centauri,  whereas,  had  one 


DOUBLB  BTAB8.  681 

of  tbem  only  been  affected  vriih  the  obseryed  proper  motion,  they 
should  then  have  been  6'  asunder.  In  these  cases  then  some  phy* 
sical  connexion  may  be  regarded  as  proved  by  this  fact  alone. 

(835.)  Sir  William  Herschel  has  enumerated  upwards  of  500 
double  stars,  of  which  the  individuals  are  less  than  32"  asunder. 
M.  Struve,  prosecuting  the  inquiry  with  instruments  more  conve- 
niently mounted  for  the  purpose,  and  wrought  to  an  astonishing 
pitch  of  optical  perfection,  has  added  more  than  five  times  that 
number.  And  other  observers  have  extended  still  further  the  cata- 
logue  of  (( Double  Stars,"  without  exhausting  the  fertility  of  the 
heavens.  Among  these  are  a  g^eat  many  in  which  the  distance 
between  the  component  individuals  does  not  exceed  a  single 
second.  They  are  divided  into  classes  by  M.  Strove  (the  first 
living  authority  in  this  department  of  Astronomy)  according  to  the 
proximity  of  their  component  individuals.  The  first  class  com- 
prises those  only  in  which  the  distance  does  not  exceed  1" ;  the 
2nd  those  in  which  it  exceeds  1"  but  falls  short  of  2" ;  the  3rd  class 
extends  from  2"  to  4"  distance ;  the  4th  from  4"  to  8" ;  the  5th 
from  8"  to  12";  the  6th  from  12"  to  16";  the  7th  from  16"  to  24", 
and  the  8th  from  24"  to  32".  Each  class  he  again  subdivides  into 
two  sub-classes,  of  which  the  one  under  the  appellation  of  conspu 
cuous  double  stars  (duplices  lucidse)  comprehends  those  in  which 
both  individuals  exceed  the  8^  magnitude,  that  is  to  say,  are^^a- 
rately  bright  enough  to  be  easily  seen  in  any  moderately  good 
telescope.  All  others,  in  which  one  or  both  the  constituents  are 
below  this  limit  of  easy  visibility,  are  collected  into  another  sub- 
class which  he  terms  residuary  {Duplices  reliqua).  This  arrange- 
ment is  so  far  convenient,  that  after  a  little  practice  in  the  use  of 
telescopes  as  applied  to  such  objects,  it  is  easy  to  judge  what 
optical  power  will  probably  suffice  to  resolve  a  star  of  any  pro- 
posed class  and  either  sub-class,  or  would  at  least  be  so  if  the 
second  or  residuary  sub-class  were  further  subdivided  by  placing 
in  a  third  sub-class  <<  delicate"  double  stars,  or  those  in  which  the 
companion  star  is  so  very  minute  as  to  require  a  high  degree  of 
optical  power  to  perceive  it,  of  which  instances  will  presently  be 
given. 

(836.)  The  following  may  be  taken  as  specimens  of  each  class. 
They  are  all  taken  from  among  the  lucid,  or  conspicuous  stars, 
and  to  such  of  our  readers  as  may  be  in  possession  of  telescopes, 
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and  may  be  disposed  to  try  them  on  such  objectSy  will  afford  him 
a  ready  test  of  their  degree  of  efficiency. 


y  CoionaB  Bor. 
y  CentaurL 
y  Lupi. 
c  Anetis. 
i^  Uerculifl. 


y  CLrcini. 
d  Cygni. 


c  Chamieleontis.  » 2  Cancri. 


Class!.,  0"  to  1". 

$1  Coronse.  7  Ophiuchi. 

tj  Herculis.  ^  Draoonis. 

X  Ca88io]:)eia3«  9  UrsaB  Majoris. 

X  Ophiuchi.  z  Aqail®. 

ft  Lupi.  tt  lioonis. 

Class  II.,  r'  to  2". 

f  Bootis.  i  UrsflD  Majoris. 

b  GassiopeiaB.        tc  Aquilte. 


Atlas  Pleiadum* 
4  Aquarii. 
42  ComaB. 
52  Arietis. 
66  Pificium. 


a  Coronas  Bor. 


a  Piscium. 
^  Hydrae. 
y  Ceti. 
y  Leonis. 
y  Coronas  Aus. 


a  Gmcis. 
a  Herculis. 
a  Qeminorum. 
d  Geminorum. 
{^  Goronad  Bor. 


fi  Ononis, 
y  Arietis. 
y  Delphini. 


a  Gentaori. 
/3  Gephei. 
fl  Scorpii. 


a  Canum  Yen. 
e  Normad. 
^  Piscium. 


6  Herculis. 
tf  Lyrae. 
i  GancrL 


Class  UL,  2"  to  4". 

Virginis. 


y  virgims. 
0  Serpentis. 
c  Bootis. 
i  Draoonis. 
a  Hydras. 


S  Ac^uarii. 
C  Ononis. 
i  Leonis. 
»  Triansuli. 
X  Lepons. 


Class  IV.,  4"  to  8". 


9  Phoenicis. 
X  Gephei. 
X  Ononis. 
fi  Gygni. 
i  Bootis. 


£  Gephei. 
ft  Bootis. 
p  Gapricomi. 
V  Argils, 
«  Aurig». 


2  GamelopardL 
32  Orionis. 
52  Orionis. 


ft,  Draoonis. 
ft,  Ganis. 
p  Herculb. 
a  Gassiopeias. 
44  Bootis. 


ft  Eridani. 
70  Ophiuchi. 
12  £ridani. 
32  Eridani. 
95  Herculis. 


Class  v.,  8"  to  12". 

^  Antlise. 
fj  Cassiopeia^. 
6  Eridani. 

Class  VI.,  12"  to  16". 

y  Volantis. 

n  Lupi. 

i  UrsaB  Major. 

Class  VII.,  16"  to  24". 


6  Orionis. 
f  Eridani. 
2  Canum  Yen. 


X  Bootis. 

8  Monocerotis. 

61  Cygni. 


$  Serpentis. 
X  Coronas  Aus. 
Z  Tauri. 


24  Comas. 
41  Draconis. 
61  Ophiuchi. 


Class  Vin.,  24"  to  32''. 


X  Herculis. 
X  Gephei. 
4  Draoonis, 


%  Cvgni. 
23  0 


'noms. 
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(837.)  Among  the  most  remarkable  triple,  quadruple,  or  mul- 
tiple stars  (for  such  also  occur),  may  be  enumerated, 

a  Andromwto.  9  Orionia.  t  Scorpii. 

( Lyne.  n  Lupn.  11  Monoaarotis. 

i^CancrL  ^i  Bootis.  12  Ljncis. 

or  these,  >  Andromeds,  ;•  Bootis,  and  f  Lupi  appeal  in  telescopes, 
even  of  considerable  optical  power,  only  as  ordinary  double  stars ; 
aud  it  is  only  when  excellent  instruments  are  used  that  their  smaller 
companions  are  subdivided  and  found  to  be,  in  fact,  extremely 
close  double  stars.  >  Lyrce  oSers  the  remarkable  combination  of 
a  double-double  star.  Viewed  with  a  telescope  of  low  power  it 
appears  as  a  coarse  and  easily  divided  double  star,  but  on  in- 
creasing the  magnifying  power,  each  individual  is  perceived  to  be 
beautifully  and  closely  double,  the  one  pair  being  about  2^",  the 
other  about  3"  asunder.  Each  of  the  stars  t  Cancri,  £  Scorpii,  U 
Monocerotis,  and  13  Lyncis  consists  of  a  principal  star,  closely 
double,  and  a  smaller  and  more  distant  attendant,  while  B  Ononis 
presents  the  phenomenon  of  four  brilliant  principal  stars,  of  the 
lespective  4th,  6tb,  7th,  and  8th  magnitudes,  forming  a  trapezium, 
the  longest  diagonal  of  which  is  21  "-4,  and  accompanied  by  two 
Fig.  111. 


excessively  minute  and  very  close  companions  (as  in  the  annexed 
figure),  to  perceire  both  which  is  one  of  the  severest  tests  which 
can  be  applied  to  a  telescope. 

(838.)  Of  the  "  delicate"  sub-class  of  double  stars,  or  those 
consisting  of  very  large  and  conspicuous  principal  stars,  accom- 
panied by  very  minute  companions,  the  following  specimens  may 
suffice : 

a  2  Caneri.  a  Polaris.  k  Cln»ni.  ^  VirKiDis. 

a  2  CapriooEni.        0  Aquarii.  ■  Oeininomm.         x  Eriaani. 

a  Indi.  y  Ilydrte.  n  Pereei.  16  Aurig». 

a  Lyrse.  t  Uiaee  Majoris.      7  BoutU.  94  Ceti. 
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(839.)  To  the  amateur  of  Astronomy  the  double  stars  ofier  a 
subject  of  very  pleasing  interest,  as  tests  of  the  performance  of  his 
telescopes,  and  by  reason  of  the  finely  contrasted  colours  vhich 
many  of  them  exhibit,  of  which  more  hereafter.  But  it  is  the  high 
degree  of  physical  interest  which  attaches  to  them,  w^hich  assigns 
them  a  conspicuous  place  in  modern  Astronomy,  and  justifies  the 
minute  attention  and  unwearied  diligence  bestowed  on  the  mea- 
surement of  their  angles  of  position  and  distances,  and  the  con- 
tinual enlargement  of  our  catalogues  of  them  by  the  discovery  of 
new  ones.  It  was,  as  we  have  seen,  under  an  impression  that 
such  combinations,  if  diligently  observed,  might  aflbrd  a  measure 
of  parallax  through  the  periodical  variations  it  might  be  expected 
to  produce  in  the  relative  situation  of  the  small  attendant  star,  that 
Sir  W.  Herschel  was  induced  (between  the  years  1779  and  1784) 
to  form  the  first  extensive  catalogues  of  them,  under  the  scrutiny 
of  higher  magnifying  powers  than  had  ever  previously  been  applied 
to  such  purposes.  In  the  pursuit  of  this  object,  the  end  to  which 
it  was  instituted  as  a  means  was  necessarily  laid  aside  for  a  time, 
until  the  accumulation  of  more  abundant  materials  should  have 
afibrded  a  choice  of  stars  favourably  circumstanced  for  systematic 
observation.  Epochal  measures  however,  of  each  star,  were  se- 
cured, and,  on  resuming  the  subject,  his  attention  was  altogether 
diverted  from  the  original  object  of  the  inquiry  by  phenomena  of 
a  very  unexpected  character,  which  at  once  engrossed  his  whole 
attention.  Instead  of  finding,  as  he  expected,  that  annual  fluc- 
tuation to  and  fro  of  one  star  of  a  double  star  with  respect  to  the 
other, — that  alternate  annual  increase  and  decrease  of  their  distance 
and  angle  of  position,  which  the  parallax  of  the  earth's  annual 
motion  would  produce, — he  observed,  in  many  instances,  a  regu- 
lar progressive  change;  in  some  cases  bearing  chiefly  on  their 
distance, — ^in  others  on  their  position,  and  advancing  steadily  in 
one  direction,  so  as  cleariy  to  indicate  either  a  real  motion  of  the 
stars  themselves,  or  a  general  rectilinear  motion  of  the  sun  and 
whole  solar  system,  producing  a  parallax  of  a  higher  order  thaa 
would  arise  from  the  earth's  orbitual  motion,  and  which  might  be 
called  systematic  parallax. 

(840.)  Supposing  the  two  stars,  and  also  the  sun,  in  motioti 
independently  of  each  other,  it  is  clear  that  for  the  interval  of 
several  years,  these  motions  must  be  regarded  as  rectilinear  and 
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uniform.  Hence,  a  very  slight  acquaintance  with  geometry  will 
suffice  to  show  that  the  afparent  motion  of  one  star  of  a  double 
star,  referred  to  the  other  as  a  centre,  and  mapped  down,'  as  it 
were,  on  a  plane  in  which  that  other  shall  be  taken  for  a  fixed  or 
zero  point,  can  be  no  other  than  a  right  line.  This,  at  least,  must 
be  the  case  if  the  stars  be  independent  of  each  other ;  but  it  will 
be  otherwise  if  they  have  a  physical  connexion,  such  as,  for  in- 
stance, real  proximity  and  mutual  gravitation  would  establish.  In 
that  case,  they  would  describe  orbits  round  each  other,  and  round 
their  common  centre  of  gravity ;  and  therefore  the  apparent  path 
of  either,  referred  to  the  other  as  fixed,  instead  of  being  a  portion 
of  a  straight  line,  would  be  bent  into  a  curve  concave  towards 
that  other.  The  observed  motions,  however,  were  so  slow,  that 
many  years'  observation  was  required  to  ascertain  this  point ;  and 
it  was  not,  therefore,  until  the  year  1803,  twenty-five  years  from 
the  commencement  of  the  inquiry,  that  any  thing  like  a  positive 
conclusion  could  be  come  to  respecting  the  rectilinear  or  orbitual 
character  of  the  observed  changes  of  position. 

(841.)  In  that,  and  the  subsequent  year,  it  was  distinctly  an- 
nounced by  him,  in  two  papers,  which  will  be  found  in  the  Trans- 
actions of  the  Royal  Society  for  those  years,*  that  there  exist 
sidereal  systems,  composed  of  two  stars  revolving  about  each 
other  in  regular  orbits,  and  constituting  what  may  be  termed 
Unary  starSj  to  distinguish  them  from  double  stars  generally  so 
called,  in  which  these  physically  connected  stars  are  confounded, 
perhaps,  with  others  only  optically  double,  or  casually  juxtaposed 
in  the  heavens  at  different  distances  from  the  eye ;  whereas  the 
individuals  of  a  binary  star  are,  of  course,  equidistant  from  the 
eye,  or,  at  least,  cannot  differ  more  in  distance  than  the  semi- 
diameter  of  the  orbit  they  describe  about  each  other,  which  is 
quite  insignificant  compared  with  the  immense  distance  between 
them  and  the  earth.  Between  fifty  and  sixty  instances  of  changes, 
to  a  greater  or  less  amount,  in  the  angles  of  position  of  double 
stars,  are  adduced  in  the  memoirs  above  mentioned;  many  of 
which  are  too  decided,  and  too  regularly  progressive,  to  allow  of 
their  nature  being  misconceived.    In  particular,  among  the  more 

*  The  annoancement  was  in  &ct  made  in  1802,  but  unaocompanicd  by  the 
obaeryations  estabiiahing  the  fret 
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conspicuous  stars, — Castor,  y  Virginis,  |  Ursae,  70  Ophiuchi,  ^  and 
tj  Coronffi,  I  Bootis,  ly  Cassiopeiae,  y  LeoniS|  ?  Herculis,  *  Cygni,  /» 
Bootis,  e  4  and  t  5  Lyrae,  >>  Ophiuchi,  ^  Draconis,  and  ^  Aiquarii, 
are  enumerated  as  among  the  most  remarkable  instances  of  the 
observed  motion  ;  and  to  some  of  them  even  periodic  times  of 
revolution  are  assigned ;  approximative  only,  of  course,  and  rather 
to  be  regarded  as  rough  guesses  than  as  results  of  any  exact  cal- 
culation, for  which  the  data  were  at  the  time  quite  inadequate. 
For  instance,  the  revolution  of  Castor  is  set  down  at  334  years, 
that  of  y  Virginis  at  708,  and  that  of  y  Leonis  at  1200  years. 

(842.)  Subsequent  observation  has  fully  confirmed  these  results. 
Of  all  the  stars  above  named,  there  is  not  one  which  is  not  found 
to  be  fully  entitled  to  be  regarded  as  binary ;  and,  in  fact,  this  list 
comprises  nearly  all  the  most  considerable  objects  of  that  de- 
scription which  have  yet  been  detected,  though  (as  attention  has 
been  closely  drawn  to  the  subject,  and  observations  have  multi- 
plied) it  has,  of  late,  received  large  accessions.  Upwards  of  a 
hundred  double  stars,  certainly  known  to  possess  this  character, 
were  enumerated  by  M.  Madler  in  1841,*  and  more  are  emerging 
into  notice  with  every  fresh  mass  of  observations  which  come  be- 
fore the  public.  They  require  excellent  telescopes  for  their  effec- 
tive observation,  being  for  the  most  part  so  close  as  to  necessitate 
the  use  of  very  high  magnifiers  (such  as  would  be  considered 
extremely  powerful  microscopes  if  employed  to  examine  objects 
within  our  reach),  i'>  perceive  an  interval  between  the  individuals 
which  compose  them. 

(843.)  It  may  easily  be  supposed,  that  phenomena  of  this  kind 
would  not  pass  without  attempts  to  connect  them  with  dynamical 
theories.  From  their  first  discovery,  they  were  naturally  referred 
to  the  agency  of  some  power,  like  that  of  gravitation,  connecting 
the  stars  thus  demonstrated  to  be  in  a  state  of  circulation  about 
each  other ;  and  the  extension  of  the  Newtonian  law  of  gravita- 
tion to  these  remote  systems  was  a  step  so  obvious,  and  so  well 
warranted  by  our  experience  of  its  all-suflScient  agency  in  our  own, 
as  to  have  been  expressly  or  tacitly  made  by  every  one  who  has 
given  the  subject  any  share  of  his  attention.    We  owe,  however, 

*  Dorpat  Observatioiu,  vol.  ix.  1840  and  1841. 
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the  first  distinct  system  of  calculetion,  by  ^hich  the  elliptic  ele- 
ments of  the  orbit  of  a  binary  star  could  be  deduced  from  obser- 
vations of  its  angle  of  position  and  distance  at  different  epochs,  to 
M.  Savary,  who  showed,*  that  the  motions  of  one  of  the  most 
remarkable  among  them  (S  Ursse)  were  explicable,  vrithin  the  limits 
allowable  for  error  of  observation,  on  the  supposition  of  an  elliptic 
orbit  described  in  the  short  period  of  58^  years.  A  diflerent  pro- 
cess of  computation  conducted  Professor  Enckef  to  an  elliptic 
orbit  for  70  Ophiuchi,  described  in  a  period  of  seventy-four  years. 
M.  Madler  has  especially  signalized  himself  in  this  line  of  inquiry 
(see  note).  Several  orbits  have  also  been  calculated  by  Mr.  Hind 
and  Captain  Smyth,  and  the  author  of  these  pages  has  himself 
attempted  to  contribute  his  mite  to  these  interesting  investigations. 
The  following  may  be  stated  as  the  chief  results  which  have  been 
hitherto  obtained  in  this  branch  of  astronomy : — 

*  Connoin.  des  Temps.' 1830.  •     f  Berlin  Ephem.  1833. 

The  elements  No*.  1,  2,  3,  4  c,  6,  6  c,  7,  11  b,  12  a,  are  extracted  from  M.  MAd- 
ler's  synoptic  view  of  the  history  of  double  stars  in  yol.  ix.  of  the  Dorpat  Observa- 
tions: 4  a,  from  the  ConnoiBS.  des  Temps,  1830 ;  4  b,  6  b,  and  11a,  from  voL  v. 
Trans.  Astron.  Soc.  Lond. :  6  a,  from  Berlin  Ephemeris,  1832 :  No.  8,  from  Trans. 
Astron.  Soc.  vol.  vi.:  No.  9,  lie,  12  b,  and  13  from  Notices  of  the  Astronomical 
Society,  vol.  vii.  p.  22,  and  viiL  p.  159,  and  tfo,  10  from  the  author's  <*  Results  of 
Astronomical  Observations,  &c.  at  the  Cape  of  Good  Hope,"  p.  297.  The  2  pre- 
fixed to  No.  7,  denotes  the  number  of  the  star  in  M.  Strave's  Dorpat  Catalogue 
(Catalogas  Novus  Stellarum  Duplicium,  dice.  Dorpat,  1827),  which  contains  the 
places  for  1826  of  3112  of  these  objects. 

The  '*  position  of  the  node*'  in  col.  4,  expresses  the  angle  of  position  (see  Art. 
204,)  of  the  line  of  intersection  of  the  plane  of  the  orbit,  with  the  plane  of  the 
heavens  on  which  it  is  seen  projected.  The  *<  inclination"  in  col.  6  is  the  inclina- 
tion of  these  two  planes  to  one  another.  Col.  5  shows  the  angle  actually  included 
in  the  plane  of  the  orbit,  between  the  line  of  nodes  (defined  as  above)  and  the 
line  of  apsides.  The  elements  assigned  in  this  table  to  u  Leonis,  |  Boutis,  and 
Castor,  must  be  considered  as  very  doubtful,  and  the  same  may  perhaps  be  said  of 
those  ascribed  to  /i  2  Bootis,  which  rest  upon  too  small  an  arc  of  the  orbi^  and  thai 
too  imperfectly  obderved,  to  afiord  a  secure  basis  of  calculation. 
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(844.)  Of  the  atais  in  the  above  listi  that  which  has  been  most 
assiduously  watched,  and  has  offered  phenomena  of  the  greatest 
interest,  is  y  Virginis.  It  is  a  star  of  the  vulgar  3rd  magnitude 
(3.08  s  Photom.  3*494),  and  its  component  individuals,  are  very 
nearly  equal,  and  as  it  would  seem  in  some  slight  degree  variable, 
since,  according  to  the  observations  of  M.  Struve,  the  one  is  alter- 
nately a  little  greater,  and  a  little  less  than  the  other,  and  occa- 
sionally exactly  equal  to  it.  It  has  been  known  to  consist  of  two 
stars  since  the  beginning  of  the  eighteenth  century ;  the  distance 
being  then  between  six  and  seven  seconds,  so  that  any  tolerably 
good  telescope  would  resolve  it.  When  observed  by  Herschel  in 
1780,  it  was  5"«66,  and  continued  to  decrease  gradually  and  regu- 
larly till  at  length,  in  1836,  the  two  stars  had  approached  so  closely 
as  to  appear  perfectly  round  and  single  under  the  highest  migni- 
fying  power  which  could  be  applied  to  most  excellent  instruments 
— ^the  great  refractor  at  Pulkowa  alone,  with  a  magnifying  power 
of  1000,  continuing  to  indicate  by  the  wedge-shaped  form  of  the 
disc  of  the  star  its  composite  nature.  By  estimating  the  ratio  of 
its  length  to  its  breadth  and  measuring  the  former,  M.  Struve  con- 
cludes that,  at  this  epoch  (183641),  the  distance  of  the  two  stars, 
centre  from  centre,  might  be  stated  at  0"*22.  From  that  time  the 
star  again  opened,  and  at  present  (1849)  the  individuals  are  more 
than  2"  asunder.  This  very  remarkable  diminution  and  subsequent 
increase  of  distance  has  been  accompanied  by  a  corresponding  and 
equally  remarkable  increase  and  subsequent  diminution  of  relative 
angular  motion.  Thus,  in  the  year  1783  the  apparent  angular 
motion  hardly  amounted  to  half  a  degree  per  annum,  while  in  1830 
it  had  increased  to  5"",  in  1834  to  20^,  in  1835  to  40^,  and  about 
the  middle  of  1836  to  upwards  of  70^  per  annum,  or  at  the  rata 
of  a  degree  in  five  days.  This  is  in  entire  conformity  with  the 
principles  of  Dynamics,  which  establish  a  necessary  connexion 
between  the  angular  velocity  and  the  distance,  as  well  in  the  appa- 
rent as  in  the  real  orbit  of  one  body  revolving  about  another  under 
the  influence  of  mutual  attraction ;  the  former  varybg  inversely  as 
the  square  of  the  latter,  wbatevet  be  the  curve  described  and 
whatever  the  law  of  the  attractive  force.  It  fortunately  happens 
that  Bradley,  in  1718,  had  noticed  and  recorded  in  the  margin  of 
one  of  his  observation  books,  the  apparent  direction  of  the  line  of 
junction  of  the  two  stars,  as  seen  on  the  meridian  in  his  transit 
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telescope,  viz.,  parallel  to  the  line  joining  two  conspicuous  stars  o 
and  5  of  the  same  constellation,  as  seen  by  the  naked  eye.  This 
note,  rescued  from  oblivion  by  the  late  Professor  Bigaud,  has 
proved  of  singular  service  in  the  verification  of  the  elements 
above  assigned  to  the  orbit,  which  represent  the  whole  series  of 
recorded  observations  that  date  up  to  the  end  of  1846  (comprising 
an  angular  movement  of  nearly  nine-tenths  of  a  complete  circuit), 
both  in  angle  and  distance,  with  a  degree  of  exactness  fully  equal 
to  that  of  observation  itself  No  doubt  can,  therefore,  remain  as 
to  the  prevalence  in  this  remote  system  of  the  Newtonian  law  of 
gravitation. 

(845.)  The  observations  of  I  Ursas  Majoris  are  equally  well 
represented  by  M.  Madler's  elements  (4  c  of  our  table),  thus  fully 
justifying  the  assumption  of  the  Newtonian  law  as  that  which  regu- 
lates the  motions  of  their  binary  systems.  And  even  should  it  be 
the  case,  as  M.  Madler  appears  to  consider,  that  in  one  instance 
at  least  (that  of  p  Ophiuchi),  deviations  from  elliptic  motion,  too 
considerable  to  arise  from  mere  error  of  observation,  exist  (a  posi- 
tion we  are  by  no  means  prepared  to  grant),*  we  should  rather  be 
disposed  to  look  for  the  cause  of  such  deviations  in  perturbations 
arising  (as  Bessel  has  suggested)  from  the  large  or  central  star 
itself  being  actually  a  close  and  hitherto  unrecognized  double  star 
than  in  any  defect  of  generality  in  the  Newtonian  law. 

(846.)  If  the  great  length  of  the  periods  of  some  of  these  bodies 
be  remarkable,  the  shortness  of  those  of  others  is  hardly  less  $o. 
{;  Herculis  has  already  completed  two  revolutions  since  the  epoch 
of  its  first  discovery,  exhibiting  in  its  course  the  extraordinary 
spectacle  of  a  sidereal  occultation,  the  small  star  having  twice 
been  completely  hidden  behind  the  large  one.  fi  Corouiae,  (  Cancri, 
and  I  Ursa3  have  each  performed  more  than  one  entire  circuit,  and 
70  Ophiuchi  and  y  Virginis  have  accomplished  by  far  the  larger 
portion  of  one  in  angular  motion.     If  any  doubt,  therefore,  could 

*  p  Ophiaehi  belongs  to  the  class  of  veiy  unequal  Rouble  stars,  the  magnitudes 
of  the  individiials  being  4  and  7.  Such  stars  present  difficulties  in  the  exact  mea- 
surement of  their  angles  of  position  which  even  yet  continue  to  embarrass  the 
observer,  though,  owing  to  later  improvements  in  the  art  of  executing  such  mea- 
surements, their  influence  is  confined  within  much  narrower  limits  than  in  the  4}a^ 
lier  history  of  the  subject  In  simply  placing  a  fine  single  wire  parallel  to  the  line 
of  junction  of  two  such  stars  it  is  easily  possible  to  commit  an  error  of  3^  or  4^. 
By  placing  them  between  two  parallel  thick  wires  such  errors  are  in  great  measnie 
obviated. 
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remaiD  as  to  the  reality  of  their  orbitual  motions,  or  any  idea  of 
explaining  them  by  mere  parallactic  changes,  or  by  any  other 
hypothesis  than  the  agency  of  centripetal  force,  these  facts  must 
suffice  for  their  complete  dissipation.  We  have  the  same  evidence, 
indeed,  of  their  rotations  about  each  other,  that  we  have  of  those 
of  Uranus  and  Neptune  about  the  sun ;  and  the  correspondence 
between  their  calculated  and  observed  places  in  such  very  elon- 
gated ellipses^  must  be  admitted  to  carry  with  it  proof  of  the  pre- 
valence of  the  Newtonian  law  of  gravity  in  their  systems,  of  the 
very  same  nature  and '  cogency  as  that  of  the  calculated  and 
observed  places  of  comets  round  the  central  body  of  our  own. 

(847.)  But  it  is  not  with  the  revolutions  of  bodies  of  a  planetary 
or  cometary  nature  round  a  solar  centre  that  we  are  now  concerned ; 
it  is  with  that  of  sun  round  sun — each,  perhaps,  at  least  in  some 
binary  systems  where  the  individuals  are  very  remote  and  their 
period  of  revolution  very  long,  accompanied  with  its  train  of  planets 
and  their  satellites,  closely  shrouded  from  our  view  by  the  splen- 
dour of  their  respective  suns,  and  crowded  into  a  space  bearing 
hardly  a  greater  proportion  to  the  enormous  interval  which  sepa- 
rates themj  than  the  distances  of  the  satellites  of  our  planets  from 
their  primaries  bear  to  their  distances  from  the  sun  itself.  A  less 
distinctly  characterized  subordination  would  be  incompatible  with 
the  stability  of  their  systems,  and  with  the  planetary  nature  of  their 
orbits.  Unless  closely  nestled  under  the  protecting  wing  of  their 
immediate  superior,  the  sweep  of  their  other  sun  in  its  perihelion 
passage  round  their  own  might  carry  them  off,  or  whirl  them  into 
orbits  utterly  incompatible  with  the  conditions  necessary  for  the 
existence  of  their  inhabitants.  It  must  be  confessed,  that  we  have 
here  a  strangely  wide  and  npvel  field  for  speculative  excursions, 
and  one  which  it  is  not  easy  to  avoid  luxuriating  in, 

(848.)  The  discovery  of  the  parallaxes  of  «  Centauri  and  61 
Cygni,  both  which  are  above  enumerated  among  the  «  conspicu- 
ous'' double  stars  of  the  6th  class  (a  distinction  fully  merited  in  the 
case  of  the  former  by  the  brilliancy  of  both  its  constituents),  enables 
us  to  speak  with  an  approach  to  certainty  as  to  the  absolute  dimen- 
sions of  both  their  orbits,  and  thence  to  form  a  probable  opinion 
as  to  the  general  scale  on  which  these  astonishing  systems  are 
constructed.  The  distance  of  the  two  stars  of  61  Cygni  subtends 
at  the  earth  an  agle  which,  since  the  earliest  micrometrical  mea- 
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sares  in  1781,  has  varied  hardly  half  a  second  from  a  mean  value 
15''-6.  On  the  other  hand,  the  angle  of  position  has  altered  since 
the  same  epoch  by  neariy  50°,  so  that  it  would  appear  probable 
that  the  true  form  of  the  orbit  is  not  far  from  circular,  its  situation 
at  right  angles  to  the  visual  line,  and  its  periodic  time  probably 
not  short  of  500  years.  Now,  as  the  ascertained  parallax  of  this 
is  0"-348,  which  is,  therefore,  the  angle  the  radius  of  the  earth's 
orbit  would  subtend  if  equally  remote,  it  follows  that  the  mean 
distance  between  the  stars  is  to  that  radius,  as  15"*5  :  0"-348,  or 
as  44'64  :  1.  The  orbit  described  by  these  two  stars  about  each 
other  undoubtedly,  therefore,  greatly  exceeds  in  dimensions  that 
described  by  Neptune  about  the  sun.  Moreover,  supposing  the 
period  to  be  five  centuries  (and  the  distance  being  actually  on  the 
increase,  it  can  hardly  be  less)  the  general  propositions  laid  down 
by  Newton,*  taken  in  conjunction  with  Kepler's  third  law,  enable 
us  to  calculate  the  sum  of  the  masses  of  the  two  stars,  which,  on 
these  data,  we  find  to  be  0*353,  the  mass  of  our  sun  being  1 .  The 
sun,  therefore,  is  neither  vastly  greater  nor  vastly  less  than  the 
stars  composing  61  Cygni. 

(849.)  The  data  in  the  case  of  a  Centauri  are  more  uncertain. 
Since  the  year  1822,  the  distance  has  been  steadily  and  pretty 
rapidly  decreasing  at  the  rate  of  about  half  a  second  per  annum, 
and  that  with  very  little  change  in  the  angle  of  position.  Hence, 
it  follows  evidently  that  the  plane  of  its  orbit  passes  nearly  through 
the  earth,  and  (the  distance  about  the  middle  of  1834  having  been 
17^")  it  is  very  probable  that  either  an  occultation,  like  that  ob- 
served in  C  Herculis,  on  a  close  appulse  of  the  two  stars,  will  take 
place  about  the  year  1867.  As  the  observations  we  possess  afibrd 
no  sufficient  grounds  for  a  satisfactory  calculation  of  elliptic  ele* 
ments,  we  must  be  content  to  assume,  what  at  all  events,  they 
fully  justify,  viz.  that  the  major  semiaxis  must  exceed  12",  and  is 
very  probably  considerably  greater.  Now  this  with  a  parallax  of 
0"'913  would  give  for  the  real  value  of  the  semiaxis  13-15  radii  of 
the  earth's  orbit,  as  a  minimum.  The  real  dimensions  ot  their 
ellipse,  therefore,  cannot  be  so  small  as  the  orbit  of  Saturn ;  in  all 
probability  exceeds  that  of  Uranus ;  and  may  possibly  be  much 
greater  than  either. 

(850.)  The  parallel  between  these  two  double  stars  is  a  re* 

*  Prindptt,  1. 1.    Prop.  57,  68, 09. 
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markable  one.  Owing  no  doubt  to  dieir  comparative  proximity 
to  our  system,  their  apparent  proper  motions  are  both  unusually 
great,  and  for  the  same  reason  probably  rather  than  owing  to  unu- 
sually large  dimensions,  their  orbits  appear  to  us  under  what,  for 
binary  double  stars,  we  must  call  unusually  large  angles.  Each 
consists,  moreover,  of  stars,  not  very  unequal  in  brightness,  and 
in  each  both  the  stars  are  of  a  high  yellow  approaching  to  orange 
colour,  the  smaller  individual,  in  each  case,  being  also  of  a  deeper 
tint.  Whatever  the  diversity,  therefore,  which  may  obtain  among 
other  sidereal  objects,  these  would  appear  to  belong  to  the  family 
or  genus.* 

(851.)  Many  of  the  double  stars  exhibit  the  curious  and  beauti- 
ful phenomenon  of  contrasted  or  complementary  colours.f  In 
such  instances,  the  larger  star  is  usually  of  a  ruddy  or  orange  hue, 
while  the  smaller  one  appears  blue  or  green,  probably  in  virtue  of 
that  general  law  of  optics,  which  provides,  that  when  the  retina  is 
under  the  influence  of  excitement  by  any  bright,  coloured  light; 
feebler  lights,  which  seen  alone  would  produce  no  sensation  but 
of  whiteness,  shall  for  the  time  appear  coloured  with  the  tint  com- 
plementary to  that  of  the  brighter.  Thus  a  yellow  colour  predo- 
minating in  the  light  of  the  brighter  star,  that  of  the  less  bright 
one  in  the  same  field  of  view  will  appear  blue ;  while,  if  the  tint 
of  the  brighter  star  verge  to  crimson,  that  of  the  other  will  exhibit 
a  tendency  to  green — or  even  appear  as  a  vivid  green,  under 
favourable  circumstances.  The  former  contrast  is  beautifully  ex-* 
hibited  by » Cancri — the  latter  by  y  Andromedse, I  both  fine  double* 

*  Similar  combinations  are  very  numerous.  Many  remarkable  instances  oocw 
among  the  double  stars  catalogued  by  the  author  in  the  2nd,  drd,  4th,  6th  and  9th 
▼olumes  of  Trans.  Roy.  Ast  Soc.  and  in  the  volume  of  Southern  observations  already 
cited.  See  Nos.  ]2i,  376,  1066,  1907,  2030,  2146,  2244,  2772,  3853,  3396, 
3998,  4000,  4055,  4196,  4210,  4615,  4649,  4766,  5U03,  5012,  of  these  catalogues. 
The  fine  binary  star,  B.  A.  G.  No.  4923,  has  its  constituents  15"  apart  the  one  6i?i. 
yellow,  the  other  7in.  orange. 


« 


other  suns,  perhaps. 


With  their  attendant  moons  thou  wilt  descry, 
Communicating  male  and  female  light, 
(Which  two  great  sexes  animate  the  world,) 
Stored  in  each  orb*  perhaps,  with  some  that  live." 

Paradise  Loit,  viii.  148. 

X  The  small  star  of  y  Andromede  is  close  double.  Both  its  individuals  are 
gieen :  a  similar  cctnbinatioD,  with  even  more  decided  colours,  is  presented  by  the 
double  starch.  881. 
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stars.  If,  however,  the  coloured  star  be  much  the  less  bright  of 
the  two,  it  will  not  materially  afiect  the  other.  Thus,  for  instance, 
7  Cassiopeiae  exhibits  the  beautiful  combination  of  a  large  white 
star,  and  a  small  one  of  a  rich  ruddy  purple.  It  is  by  no  means, 
however,  intended  to  say,  that  in  all  such  cases  one  of  the  colours 
is  a  mere  effect-  of  contrast,  and  it  may  be  easier  suggested  in 
words,  than  conceived  in  imagination,  what  variety  of  illumination 
two  suns — a  red  and  a  green  or  a  yellow  and  a  blue  one — must 
aiTord  a  planet  circulating  about  either ;  and  what  charming  con- 
trasts and  <<  grateful  vicissitudes,'* — a  red  and  a  green  day,  for 
instance,  alternating  with  a  white  one  and  with  darkness, — might 
arise  from  the  presence  or  absence  of  one  or  other,  or  both,  above 
the  horizon.  Insulated  stars  of  a  red  colour,  almost  as  deep  as 
that  of  blood,*  occur  in  many  parts  of  the  heavens,  but  no  green 
or  blue  star  (of  any  decided  hue)  has,  we  believe,  ever  been 
noticed  unassociated  with  a  companion  brighter  than  itself. 

(852.)  Another  very  interesting  subject  of  inquiry,  in  the  phy- 
sical history  of  the  stars,  is  their  proper  motion.  It  was  first 
noticed  by  Halley,  that  three  principal  stars,  Sirius,  Arcturus,  and 
Aldebaran,  are  placed  by  Ptolomy,  on  the  strength  of  observations 
made  by  Hipparchus,  130  years  b.  c,  in  latitudes  respectively 
20',  22',  and  33'  more  northerly  than  he  actually  found  them  in 
I7l7.t  Making  due  allowance  for  the  diminution  of  obliquity  of 
the  ecliptic  in  the  interval  (1847  years)  they  ought  to  have  stood) 
if  really  fixed,  respectively  10',  14',  and  0'  more  southerly.  As 
the  circumstances  of  the  statement  exclude  the  supposition  of  error 
of  transcription  in  the  MSS.,  we  are  necessitated  to  admit  a  south- 
ward motion  in  latitude  in  these  stars  to  the  very  considerable 
extent,  respectively,  of  37',  42',  and  33',  and  this  is  corroborated 
by  an  observation  of  Aldebaran  at  Athens,  in  the  year  a.  d.  509, 
which  star,  on  the  11th  of  March  in  that  year,  was  seen  imme- 

*  The  following  are  the  R.  ftsoenaions  and  N.  P.  distances  for  1830,  of  some  of 
the  most  remarkable  of  the^  sanguine  or  ruby  stars: — 


B.  A. 

N.  P.  D, 

R.A. 

N.  P.  D. 

B.A. 

N.P, 

D. 

h.  in.  s. 

O           *         ¥ 

h.  m.  R. 

o     t        tf 

h.  m.  8. 

o     / 

f» 

4  40  58 

01  46  21 

10  52  10 

107  24  40 

20  7   8 

111  60 

11 

6  38  29 

136  32  16 

12  87  31 

148  45  47 

21  37  18 

81  59 

47 

9  27  66 

162   2  48 

16  29  44 

122   2   0 

21  37  20 

52  54 

47 

9  48  31 

180  47  12 

Of  these  No.  5.  (in  order  of  right  ascension)  is  in  the  same  field  of  view  with  o 
Hjdre,  and  No.  9.  with  ^  Crucis. 
t  Phil.  Trans.  1717,  vol  xxx.  fo.  736. 
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diately  after  its  emergence  from  ocealtation  by  the  moon,  in  such  a 
position  as  it  could  not  hare  had  if  the  occuitation  ^^ere  not  nearly 
central.    Now,  from  the  knowledge  vie  have  of  the  lunar  motions,  I 

this  could  not  have  been  the  case  had  Aldebaran  at  that  time  so  i 

much  southern  latitude  as  at  present.  Jl  priori^  it  might  be  ex- 
pected that  apparent  motions  of  some  kind  or  other  should  be 
detected  among  so  great  a  multitude  of  individuals  scattered 
through  space,  and  with  nothing  to  keep  them  fixed.  Their 
mutual  attractions  even,  however  inconceivably  enfeebled  by  dis- 
tance, and  counteracted  by  opposing  attractions  from  opposite 
quarters,  must  in  the  lapse  of  countless  ages  produce  same  move« 
ments— some  change  of  internal  arrangement — resulting  from  the  i 

difference  of  the  opposing  actions.  And  it  is  a  fact,  that  such 
apparent  motions  are  really  proved  to  exist  by  the  exact  observa- 
tions of  modern  astronomy.  Thus,  as  we  have  seen,  the  two  stars 
of  61  Cygni  have  remaii^d  constantly  at  the  same,  or  very  nearly 
the  same,  distance,  of  15",  for  at  least  fiftjr  years  past,  although 
they  have  shifted  their  local  situation  in  the  heavens,  in  this  inter- 
val of  time,  through  no  less  than  4!  23",  the  annual  proper  motion 
of  each  star  being  5"«3  ;  by  which  quantity  (exceeding  a  third  of 
their  interval)  this  system  is  every  year  carried  bodily  along  in 
some  unknown  path,  by  a  motion  which,  for  many  centuries,  must 
be  regarded  as  uniform  and  rectilinear.  Among  stars  not  double, 
and  no  way  differing  from  the  rest  in  any  other  obvious  particular, 
•  Indi*  and  m  Cassiopeiae  are  to  be  remarked  as  having  the  greatest 
proper  motions  of  any  yet  ascertained,  amounting  respectively  to 
7"*74  and  3"-74  of  annual  displacement.  And  a  great  many  others 
have  been  observed  to  be  thus  constantly  carried  away  from  their 
places  by  smaller,  but  not  less  unequivocal  motions. f 

(853.)  Motions  which  require  whole  centuries  to  accumulate 
before  they  produce  changes  of  arrangement,  such  as  the  naked 
eye  can  detect,  though  quite  sufficient  to  destroy  that  idea  of 
mathematical  fixity  which  precludes  speculation,  are  yet  too 
trifling,  as  far  as  practical  applications  go,  to  indnce  a  change  of 
language,  and  lead  us  to  speak  of  the  stars  in  common  parlance 
as  otherwise  than  fixed.    Sniall  as  they  are,  however,  astrono- 

•  B' Arrest.  Astr.  Nacfar.,  No.  618. 

f  The  reader  may  conault  •*  a  liat  of  314  stan  haviiig,  or  soppoMd  to  bare,  a 
poper  motion  of  not  less  than  about  O^'S  of  a  great  circle"  {per  annum)  by  the 
late  F.  Baily,  Esq.     D^ans*  A»t.  Soe,  ▼.  p.  168. 

85 
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merS|  once  assured  of  their  reality,  hare  not  been  wanting  in 
attempts  to  explain  and  reduce  them  to  general  laws.  No  one, 
who  reflects  with  due  attention  on  the  subject,  will  be  inclined  to 
deny  the  high  probability,  nay  certainty,  that  the  sun  as  well  as 
the  stars  must  have  a  proper  motion  in  same  direction ;  and  the 
inevitable  consequence  of  such  a  motion,  if  unparticipated  by  the 
rest,  must  be  a  slow  average  apparent  tendency  of  all  the  stars  to 
the  vanishing  point  of  lines  parallel  to  that  direction,  and  to  the 
region  which  he  is  leaving,  however  greatly  individual  stars  might 
difler  from  such  average  by  reason  of  their  own  peculiar  proper 
motion.  This  is  the  necessary  eflect  of  perspective ;  and  it  is 
certain  that  it  must  be  detected  by  observation,  if  we  knew  accu- 
rately the  apparent  proper  motions  of  all  the  stars,  and  if  we  were 
sure  that  they  were  independent,  i.  e.  that  the  whole  firmament^  or 
at  least  all  that  part  which  we  see  in  our  own  neighbourhood,  were 
not  drifting  along  together,  by  a  general  set  as  it  were,  in  one  direc- 
tion, the  result  of  unknown  processes  and  slow  internal  changes 
going  on  in  the  sidereal  stratum  to  which  our  system  belongs,  as 
we  see  motes  sailing  in  a  current  of  air,  and  keeping  nearly  the 
same  relative  situation  with  respect  to  one  another. 

(854.)  It  was  on  this  assumption,  tacitly  made  indeed,  but 
necessarily  implied  in  every  step  of  his  reasoning,  that  Sir  Wil- 
liam Herschel,  in  1783,  on  a  consideration  of  the  apparent  proper 
motions  of  such  stars  as  could  at  that  period  be  considered  as 
tolerably  (though  still  imperfectly)  ascertained,  arrived  at  the  con- 
clusion that  a  relative  motion  of  the  sun,  among  the  fixed  stars  in 
the  direction  of  a  point  or  parallactic  apex,  situated  near  >•  Her- 
culis,  that  is  to  say,  in  R.  A.  17*^  22'»=  260°  34',  N.  P.  D.  63° 
43'  (1790),  would  account  for  the  chief  observed  apparent  mo- 
tions, leaving,  however,  some  still  outstanding  and  not  explicable 
by  this  cause ;  and  in  the  same  year  Prevost,  taking  nearly  the 
same  view  of  the  subject,  arrived  at  a  conclusion  as  to  the  solar 
apex  (or  point  of  the  sphere  towards  which  the  sun  relatively  ad- 
vances), agreeing  nearly  in  polar  distance  with  the  foregoing,  but 
differing  from  it  about  27°  in  right  ascension.  Since  that  time 
methods  of  calculation  have  been  improved  and  concinnated,  our 
knowledge  of  the  proper  motions  of  the  stars  has  been  rendered 
more  precise,  and  a  greater  number  of  cases  of  such  motions  have 
been  recorded.    The  subject  has  been  resumed  by  several  emi- 
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nent  astronomers  and  mathematicians:  viz.  1st,  by M.  Argelander, 
\iFho,  from  the  consideration  of  the  proper  motions  of  21  stars 
exceeding  1"  per  annum  in  arc,  has  placed  the  solar  apex  in  R.  A, 
256°  25',  N.  P.  D.  61°  23^ ;  from  those  of  50  stars  between  0".5 
and  l"-0,  in  255°  KX,  51°  26' ;  and  from  those  of  319  stars  having 
motions  between  0"«1  and  0"-5  per  annum,  in  261<>  11',  59°  2' : 
2dlj,  by  M.  Luhndahl,  whose  calculations,  founded  on  the  proper 
motions  of  147  stars,  give  252°  53',  75°  34' :  and  3rdly,  by  M. 
Otto  Struve,  whose  result  261°  22',  62°  24',  emerges  from  a  very 
elaborate  discussion  of  the  proper  motions  of  392  stars.  All  these 
places  are  for  a.  d.  1790. 

(855.)  The  most  probable  mean  of  the  results  obtained  by  these 
three  astronomers,  is  (for  the  same  epoch)  R.  A. =259°  9',  N.  P.  D. 
55°  23'.  Their  researches,  however,  extending  only  to  stars  visi- 
ble in  European  observatories,  it  became  a  point  of  high  interest 
to  ascertain  how  far  the  stars  of  the  southern  hemisphere  not  so 
visible,  treated  independently  on  the  same  system  of  procedure, 
would  corroborate  or  controvert  their  conclusion.  The  observa- 
tions of  Lacaille,  at  the  Cape  of  Good  Hope,  in  1751  and  1752, 
compared  with  those  of  Mr.  Johnson  at  St.  Helena,  in  1829-33, 
and  of  Henderson  at  the  Cape  in  1830  and  1831,  have  afforded 
the  means  of  deciding  this  question.  The  task  has  very  recently 
been  executed  in  a  masterly  manner  by  Mr.  Galloway,  in  a  paper 
published  in  the  Philosophical  Transactions  for  1847,  (to  which 
we  may  also  refer  the  reader  for  a  more  particular  account  of  the 
history  of  the  subject  than  our  limits  allow  us  to  give.)  On  com« 
paring  the  records,  Mr.  Galloway  finds  eighty-one  southern  stars 
not  employed  in  the  previous  investigations  above  referred  to, 
whose  proper  motions  in  the  intervals  elapsed  appear  considerable 
enough  to  assure  us  that  they  have  not  originated  in  error  of  the 
earlier  observations.  Subjecting  these  to  the  same  process  of 
computation  he  concludes  for  the  place  of  the  solar  apex,  for 
1790,  as  follows :  viz.  R.  A.  260°  1',  N.  P.  D.  55°  37',  a  result  so 
nearly  identical  with  that  afforded  by  the  northern  hemisphere,  as 
to  afford  a  full  conviction  of  its  near  approach,  to  truth,  and  what 
may  fairly  be  considered  a  demonstration  of  the  physical  cause 
assigned. 

(856.)  Of  the  mathematical  conduct  of  this  inquiry  the  nature 
of  this  work  precludes  our  giving  any  account ;  but  as  the  philo- 
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fiophical  principle  on  which  it  is  based  has  been  misconceived,  it 
is  necessary  to  say  a  few  words  in  explanation  of  it.    Almost  all 
the  greatest  discoTeries  in  astronomy  have  resulted  from  the  con- 
sideration of  what  we  have  elsewhere  termed  residual  ph&no* 
UENA*  of  a  quantitative  or  numerical  kind,  that  is  to  say,  of  such 
portions  of  the  numerical  or  quantitative  results  of  observation  as 
remain  outstanding  and  unaccounted  for  after  subducting  and 
allowing  for  all  that  would  result  from  the  strict  application  o£ 
known  principles.    It  was  thus  that  the  grand  discovery  of  the 
precession  of  the  equinoxes  resulted  as  a  residual  phenomenon, 
from  the  imperfect  explanation  of  the  return  of  the  seasons  by  the 
return  of  the  sun  to  the  same  apparent  place  among  the  fixed  stars. 
Thus,  also,  aberration  and  nutation  resulted  as  residual  phenomena 
from  that  portion  of  the  changes  of  the  apparent  places  of  the  fixed 
stars  which  was  left  unaccounted  for  by  precession.    And  thus 
again  the  apparent  proper  motions  of  the  stars  are  the  observed 
residues  of  their  apparent  movements  outstanding  and  unaccounted 
for  by  strict  calculation  of  the  efiects  of  precession,  nutation,  and 
aberration.     The  nearest  approach  which  human  theories  can 
make  to  perfection  is  to  diminish  this  residue,  this  capui  martuum 
of  observation,  as  it  may  be  considered,  as  much  as  practicable, 
and,  if  possible,  to  reduce  it  to  nothing,  either  by  showing  that 
something  has  been  neglected  in  our  estimation  of  known  causes, 
or  by  reasoning  upon  it  as  a  new  fact,  and  on  the  principle  of  the 
inductive  philosophy  ascending  from  the  effect  to  its  cause  or 
causes.     On  the  suggestion  of  any  new  cause  hitherto  unresorted 
to  for  its  explanation,  our  first  object  must  of  coulee  be  to  decide 
whether  such  a  cause  would  produce  such  a  result  in  kind:  the 
next,  to  assign  to  it  such  an  intensity  as  shall  account  for  the 
greatest  possible  amount  of  the  residual  matter  in  hand.    The 
proper  motion  of  the  sun  being  su^ested  as  such  a  cause,  we 
have  two  things  disposable — ^its  direction  and  velocity,  both  which 
it  is  evident,  if  they  ever  became  known  to  us  at  all,  can  only  be 
60  by  the  consideration  of  the  very  phenomenon  in  question.    Our 
object,  of  course,  is  to  account,  if  possible,  for  the  whole  of  the 
observed  proper  motions  by  the  proper  assumption  of  these  ele- 
ments.    If  this  be  impracticable,  what  remains  unaccounted  for  is 
a  residue  of  a  more  recondite  kind,  but  which,  so  long  as  it  is 

*  DiMxraiw  on  the  Stady  of  Natural  Philoiophy.    Cab.  Cydopasdia,  Not  U. 
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unaccounted  for,  we  must  regard  as  purely  casual,  seeing  that^ 
for  anything  we  can  perceive  to  the  contrary,  it  might  with  equal 
probability  be  one  way  as  the  other.  The  theory  of  chances, 
therefore,  necessitates  (as  it  does  in  all  such  cases)  the  application 
of  a  general  mathematical  process,  known  as  « the  method  of  least 
squares,"  which  leads,  as  a  matter  of  strict  geometrical  conclusion, 
to  the  values  of  the  elements  sought,  whkhy  under  all  the  circum* 
stancesy  ar4  the  most  probable, 

(867.)  This  is  the  process  resorted  to  by  all  the  geometers  we 
have  enumerated  in  the  foregoing  articles  (art.  854,  855).  It 
gives  not  only  the  direction  in  space,  but  also  the  velocity  of  the 
solar  motion,  estimated  on  a  scale  conformable  to  that  in  which 
the  velocity  of  the  sidereal  motions  to  be  explained  are  given ;  t.  e. 
in  seconds  of  arc  as  subtended  at  the  average  distance  of  the  stars 
concerned,  by  its  annual  motion  in  space.  But  here  a  considera- 
tion occurs  which  tends  materially  to  complicate  the  problem,  and 
to  introduce  into  its  solution  an  element  depending  on  suppositions 
more  or  less  arbitrary.  The  distance  of  the  stars  being,  except  in 
two  or  three  instances,  unknown,  we  are  compelled  either  to 
restrijiTour  inquiry  to  these,  which  are  too  few  to  ground  any  result 
on,  or  to  make  some  supposition  as  to  the  relative  distances  of  the 
several  stars  employed.  In  this  we  have  nothing  but  general 
probability  to  guide  us,  and  two  courses  only  present  themselves, 
either,  1st,  To  class  the  distances  of  the  stars  according  to  their 
magnitudes,  or  apparent  brightnesses,  and  to  institute  separate  and 
independent  calculations  for  each  class,  including  stars  assumed 
to  be  equidistant,  or  nearly  so  :  or,  2dly,  To  class  them  according 
to  the  observed  amount  of  their  apparent  proper  motions,  on  the 
presumption  that  those  which  appear  to  move  fastest  are  really 
nearest  to  us.  The  former  is  the  course  pursued  by  M.  Otto  Struve, 
the  latter  by  M.  Argelander.  t^ith  regard  to  this  latter  principle 
of  classification,  however,  two  considerations  interfere  with  its 
applicability,  viz.  1st,  that  we  see  thereat  motion  of  the  stars  fore- 
shortened by  the  effect  of  perspective ;  and  2dly,  that  that  portion 
of  the  total  apparent  proper  motion  which  arises  from  the  real 
motion  of  the  sun  depends,  not  simply  on  the  absolute  distance  of 
the  star  from  the  sun,  but  also  on  its  angular  apparent  distance 
from  the  solar  apex,  being,  cateris  paribus^  as  the  sine  of  that 
angle.    To  execute  such  a  clajuification  correctly,  therefore,  we 
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ought  to  know  both  these  particolars  for  each  star.  The  first  is 
evideDtly  out  of  our  reach.  We  are  therefore,  for  that  very  reason, 
compelled  to  regard  it  as  casual,  and  to  assume  that  on  the  average 
of  a  great  number  of  stars  it  would  be  uninfluential  on  the  result. 
Put  the  second  cannot  be  so  summarily  disposed  of.  By  the  aid 
of  an  approximate  knowledge  of  the  solar  apex,  it  is  true,  approxi- 
mate values  may  be  found  of  the  simple  apparent  portions  of  the 
proper  motions,  supposing  all  the  stars  equidistant,  and  these  being 
subducted  from  the  total  observed  motions,  the  residues  might 
afford  ground  for  the  classification  in  question.*  This,  however, 
would  be  a  long,  and  to  a  certain  extent  precarious  system  of 
procedure.  On  the  other  hand,  the  classification  by  apparent 
brightness  is  open  to  no  such  difficulties,  since  we  are  fully  justified 
in  assulning  that,  on  a  general  average,  the  brighter  stars  are  the 
nearer,  and  that  the  exceptions  to  this  rule  are  casual  in  that  sense 
of  the  word  which  it  always  bears  in  such  inquiries,  expressing 
solely  our  ignorance  of  any  ground  for  assuming  a  bias  one  way  or 
other  on  either  side  of  a  determinate  numerical  rule.  In  Mr. 
Galloway's  discussion  of  the  southern  stars  the  consideration  of 
distance  is  waived  altogether,  which  is  equivalent  to  an  admission  of 
complete  ignorance  on  this  point,  as  well  as  respecting  the  real 
directions  and  velocities  of  the  individual  motions. 

(858.)  The  velocity  of  the  solar  motion  which  results  firom 
M.  Otto  Struve's  calculations  is  such  as  would  carry  it  over  an 
angular  subtense  of  0'''3392  if  seen  at  right  angles  fix)m  the  average 
distance  of  a  star  of  the  first  magnitude.  If  we  take,  with  M. 
Struve,  senior,  the  parallax  of  such  a  star  as  probably  equal  to 
0"*209,t  we  shall  at  once  be  enabled  to  compare  this  annual 
motion  with  the  radius  of  the  earth's  orbit,  the  result  being  I  •623 
of  such  units.  The  sun  then  advances  through  space  (relatively, 
at  least,  among  the  stars),  carrying  with  it  the  whole  planetary  and 
cometary  system  with  a  velocity  of  1 -623  radii  of  the  earth's  orbit, 
or  154,185,000  miles /ler  annum,  or  422,000  miles  (that  is  to  say, 
nearly  its  own  semidiameter)  per  dUm :  in  other  words,  with  a 

*  M.  ATgelandei^s  daases,  however,  are  oonfltnicted  without  referenoe  to  this 
connderation,  on  the  sole  bads  of  the  total  apparent  amount  of  proper  motion,  and 
are,  therefore,  pro  tanto,  questionable.  It  is  the  more  satii&ctoiy  then  to  find  so 
constderable  an  agreement  among  his  partial  results  as  actualljr  obtains. 

f  Etudes  d'Astronomie  Stellaire,  p.  107. 
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Telocity  a  reiy  little  greater  than  one-fourth  of  the  earth's  annual 
motioD  in  its  orbit. 

(859.)  Another  generation  of  astronomers,  perhaps  many,  must 
pass  away  before  we  are  in  a  condition  to  decide  fix)m  a  more 
precise  and  extensive  knowledge  of  the  proper  motions  of  the  stars 
than  we  at  present  possess,  how  far  the  direction  and  velocity 
above  assigned  to  the  solar  motion  deviates  from  exactness, 
whether  it  contmue  uniform,  and  whether  it  show  any  sign  of 
deflection  from  rectilinearity ;  so  as  to  hold  out  a  prospect  of  one 
day  being  enabled  to  trace  out  an  arc  of  the  solar  orbit,  and  to 
indicate  the  direction  in  which  the  preponderant  gravitation  of  the 
sidereal  firmament  is  urging  the  central  body  of  our  system.  An 
analogy  for  such  deviation  from  uniformity  would  seem  to  present 
itself  in  the  alleged  existence  of  a  similar  deviation  in  the  proper 
motions  of  Sirius  and  Procyon,  both  which  stars  were  considered, 
up  to  a  very  recent  period,  and  on  very  high  astronomical  autho- 
rity, to  have  varied  sensibly  in  this  respect  within  the  limits  of 
authentic  and  dependable  observation.  Such,  indeed,  appeared 
to  be  the  amount  of  evidence  for  this  as  a  matter  of/act  as  to  give 
rise  to  a  speculation  on  the  probable  circulation  of  these  stars 
round  opaque  (and  therefore  invisible)  bodies  at  no  great  distances 
from  them  respectively,  in  the  manner  of  binary  stars.  M.  Stru  ve, 
however,  (in  his  work  already  so  frequently  cited,)  has  destroyed 
this  conclusion  by  mstituting  a  most  searching  and  rigorous  inquiry 
into  all  the  circumstances  of  either  case,  and  has  succeeded  in 
demonstrating  that  the  supposed  anomalies  have  arisen  solely  from 
the  effects  of  instrumental  error  and  imperfect  determination  of  the 
coefficients  of  the  uranographical  corrections. 

(860.)  The  whole  of  the  reasoning  upon  which  the  determination 
of  the  solar  motion  b  space  rests,  is  based  upon  the  entire  exclu- 
sion of  any  law  either  derived  from  observation  or  assumed  in 
theory,  affecting  the  amount  and  direction  of  the  real  motions  both 
of  the  sun  and  stars.  It  supposes  an  absolute  non-recognition,  in 
those  motions,  of  any  general  directive  cause,  such  as,  for  example, 
a  common  circulation  of  all  about  a  common  centre.  Any  such 
limitation  introduced  into  the  conditions  of  the  problem  of  the 
solar  motion  would  alter  in  toto  both  its  nature  and  the  form  of  its 
solution.  Suppose  for  instance  that,  conformable  to  the  specula- 
tions of  several  astronomers,  the  whole  system  of  the  Milky  Way, 
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ioclading  our  san,  and  the  stare,  our  more  immediate  neighbooiSy 
which  constitute  our  sidereal  firmament,  should  hare  a  general 
moyement  of  rotation  in  the  plane  of  the  galactic  circle  (any  other 
would  be  exceedingly  improbable,  bdeed  haidly  reconcilable 
with  dynamical  principles),  being  held  together  in  opposition  to 
the  contrifugal  force  thus  generated  by  the  mutual  gravitation  of 
its  constituent  stars.  Except  we  at  the  same  time  admitted  that 
the  scale  on  which  this  movement  proceeds  is  so  enormous  that  all 
the  stars  whose  proper  motions  we  include  in  our  calculations  go 
together  in  a  body,  so  far  as  that  movement  is  concerned  (as  form- 
ing too  small  an  integrant  portion  of  the  whole  to  difler  sensibly  in 
their  relation  to  its  central  point) ;  we  stand  precluded  from  drawing 
any  conclusion  whatever,  not  only  respecting  the  absolute  motion 
of  the  sun,  but  respecting  even  its  relative  movement  among  those 
stars,  until  we  have  established  some  law,  or  at  all  events  framed 
some  hypothesis  having  the  provisional  force  of  a  law,  connecting 
the  whole,  or  a  part  of  the  motion  of  each  individual  with  its 
situation  in  space. 

(861.)  Speculations  of  this  kind  have  not  been  wanting  in  astro* 
nomy,  and  recently  an  attempt  has  been  made  by  M .  Madler  to 
assign  the  local  centre  in  space,  round  which  the  sun  and  stars 
revolve,  which  he  places  in  the  group  of  the  Pleiades,  a  situation 
in  itself  improbable,  lying  as  it  does  no  less  than  26^  out  of  the 
plane  of  the  galactic  circle,  out  of  which  plane  it  is  almost  incon- 
ceivable that  any  general  circulation  can  take  place*  In  the  pre- 
sent defective  state  of  our  knowledge  respecting  the  proper  motion 
of  the  smaller  stars,  especially  in  right  ascension,  (an  element  for 
the  most  part  far  less  exactly  ascertainable  than  the  polar  dLstance, 
or  at  least  which  has  been  hitherto  far  less  accurately  ascertained,) 
we  cannot  but  regard  all  attempts  of  the  kind  as  to  a  certain  extent 
premature,  though  by  no  means  to  be  discouraged  as  forerunners 
of  something  more  decisive.  The  question,  as  a  matter  of  fact^ 
whether  a  rotation  of  the  galaxy  in  its  own  plane  exist  or  not  might 
be  at  once  resolved  by  the  assiduous  observation  both  in  R.  A.  and 
polar  distance  of  a  considerable  number  of  stars  of  the  Milky  Way, 
judiciously  selected  for  the  purpose,  and  including  all  magnitudes^ 
down  to  the  smallest  distinctly  identifiable,  and  capable  of  being 
observed  with  normal  accuracy :  and  we  would  recommend  the 
inquiry  to  the  special  attention  of  directors  of  permanent  observa* 
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tones,  proyided  with  adequate  instrumental  means  in  both  hemi- 
spheres. Thirty  or  forty  years  of  observation  perseveringly  directed 
to  the  object  in  view,  could  not  fail  to  settle  th^  question.* 

(862.)  The  solar  motion  through  space,  if  real  and  not  simply 
relative,  must  give  rise  to  uranographical  corrections  analogous  to 
parallax  and  aberration.  The  solar  or  systematic  parallax  is  no 
other  than  that  part  of  the  proper  motion  of  each  star  which  is 
simply  apparent,  arising  from  the  sun's  motion,  and  until  the  dis- 
tances of  the  stars  be  known,  must  remain  inextricably  mixed  up 
with  the  other  or  real  portion.  The  systematic  aberration,  amount- 
ing at  its  maximum  (for  stars  90^  from  the  solar  apex  to  about  5^^) 
displaces  all  the  stars  in  great  circles  diverging  from  that  apex 
through  angles  proportional  to  the  sines  of  their  respective  dis- 
tances from  it.  This  displacement,  however,  is  permanent,  and 
therefore  uncognizable  by  any  phenomenon,  so  long  as  the  solar 
motion  remains  invariable ;  but  should  it,  in  the  course  of  ages, 
alter  its  direction  and  velocity,  both  the  direction  and  amount  of 
the  displacement  in  question  would  alter  with  it.  The  change, 
however,  would  become  mixed  up  with  other  changes  in  the 
apparent  proper  motions  of  the  stars,  and  it  would  seem  hopeless 
to  attempt  disentangling  them. 

(863.)  A  singular,  and  at  first  sight  paradoxical  efiect  of  the 
progressive  movement  of  light,  combined  with  the  proper  motion 
of  the  stars,  is,  that  it  alters  the  apparent  periodic  time  in  which 
the  individuals  of  a  binary  star  circulate  about  each  other. f  To 
make  this  apparent,  suppose  them  to  circulate  round  each  other  in 
a  plane  perpendicular  to  the  visual  ray  in  a  period  of  10,000  days. 
Then  if  both  the  sun  and  the  centre  of  gravity  of  the  binary  system 
remained  fixed  in  space,  the  relative  apparent  situation  of  the  stars 
would  be  exactly  restored  to  its  former  state  after  the  lapse  of  this 
interval,  and  if  the  angle  of  position  were  0^  at  first,  after  10,000 
days  it  would  again  be  so.  But  now  suppose  that  the  centre  of 
gravity  of  the  star  were  in  the  act  ofreceding  in  a  direct  line  from 

*  An  examination  of  tiie  proper  motions  of  the  stars  of  the  B.  Amc.  Catal.  in 
the  portion  of  the  Milky  Way  nearest  either  pole  (where  the  motion  should  he 
almost  wholly  in  R  A)  indicates  no  distinct  symptom  of  such  a  rotation.  If  the 
question  he  taken  up  fundamentally,  it  will  involve  a  redetermination  from  the 
recorded  proper  motions^  both  of  the  preoessiim  of  the  equinoxes  and  the  change  of 
obliquity  of  the  ecliptic. 

"f  Astronomische  NachxichteOy  No.  630« 
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the  sun  with  a  velocity  of  one^tenth  part  of  the  radius  of  the  earth's 
orbit  per  diem.  Then  at  the  expiration  of  10,000  days  it  would 
be  more  remote  from  us  by  1000  such  radii,  a  space  which  light 
would  require  57  days  to  traverse.  Although  really,  therefore, 
the  stars  would  have  arrived  at  the  position  0^  at  the  exact  expi- 
ration of  10^000  days,  it  would  require  57  days  more  for  the 
notice  of  that  fact  to  reach  our  system.  In  other  words,  the  period 
would  appear  to  us  to  be  10,057  days,  since  we  could  ouly  con* 
elude  the  period  to  be  completed  when  to  us  as  observers  the 
original  angle  of  position  was  again  restored.  A  contrary  motion 
would  produce  a  contrary  effect. 


CHAPTER  XVIL 

OF  CLUSTERS  OF  STABS  AND  NEBULJS. 

OF  CLUSTERING  GROUPS  OF  STARS. — ^LOBULAR  CLUSTERS. — ^THEIR 
STABILITY  DYNAMICALLY  POSSIBLE. — LIST  OF  THE  MOST  REMARK- 
ABLE.—  CLASSIFICATION    OF    NEBUUE    AND    CLUSTERS. THEIR 

DISTRIBUTION  OYER  THE  HEAVENS.  —  IRREGULAR  CLUSTERS.-— 
RESOLTABILITY  OF    NEBULS. — THEORY  OF  THE    FORMATION    OF 

CLUSTERS    BY    NEBULOUS    SUBSIDENCE. OF   ELLIPTIC    NEBULA. 

— THAT  OF  ANDROMEDA. — ANNULAR  AND  PLANETARY  NEBULJE. 
— DOUBLE  NEBUUE. — ^NEBULOUS  STARS. — CONNEXION  OF  NEBULJE 
WITH  DOUBLE  STARS.  —  INSULATED  NEBULA  OF  FORMS  NOT 
WHOLLY  IRREGULAR. — OF  AMORPHOUS  NEBULA. — ^THEIR  LAW 
OF  DISTRIBUTION  MARKS  THEM  AS  OUTLIERS  OF  THE  GALAXY. 
—  NEBULiE  AND  NEBULOUS  GROUP  OF  ORION  —  OF  ARGO— OF 
SAGITTARIUS — OF  CYGNUS.-^THE  MAGELLANIC  CLOUDS. — SINGU- 
LAR NEBULA  IN  THE  GREATER  OF  THEM. — THE  ZODIACAL  LIGHT. 
— SHOOTING  STARS. 

(864.)  When  we  cast  our  eyes  oyer  the  concaTe  of  the  heavens 
in  a  clear  night,  we  do  not  fail  to  observe  that  here  and  there  are 
groups  of  stars  which  seem  to  be  compressed  together  in  a  more 
condensed  manner  than  in  the  neighbouring  parts,  forming  bright 
patches  and  clusters,  which  attract  attention,  as  if  they  were  there 
brought  together  by  some  general  cause  other  than  casual  distri- 
bution. There  is  a  group,  called  the  Pleiades,  in  which  six  or 
seven  stars  may  be  noticed,  if  the  eye  be  directed  full  upon  it ; 
and  many  more  if  the  eye  he  turned  carelessly  aside  while  the  attenr 
Hon  is  kept  directed*  upon  the  group.  ^Telescopes  show  fifty  or 


*  It  is  a  Teiy  remailabltt  fiict,  that  the  centre  of  tiie  Tiflual  area  is  far  leM  sensible 
to  leeble  impresnons  of  light,  than  the  exterior  portions  of  the  retina.  Few  per- 
sona are  aware  of  the  extent  to  which  this  comparative  insensibility  extends,  pre- 
vious to  triaL  To  estimate  it,  let  the  reader  look  alternately  full  at  a  star  of  the 
fifth  magnitude,  and  beside  it ;  or  choose  two|  equally  bright,  and  about  S^*  or  4^ 
apart,  and  look  full  at  one  of  them,  the  probability  is,  he  wiU  see  only  the  other* 
The  Act  accounts  for  the  multitude  of  stars  with  which  we  are  impressed  by  a 
general  view  of  the  heavexis ;  their  paucity  when  we  come  to  count  them*  ' 
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sixty  large  stars  thus  crowded  together  in  a  very  moderate  space, 
comparatively  insulated  from  the  rest  of  the  heavens.^  The  con- 
stellation called  Coma  Berenices  is  anothef  such  group,  more 
difiused  and  consisting  on  the  whole  of  larger  stars. 

(865.)  In  the  constellation  Cancer,  there  is  a  somewhat  similar, 
but  less  definite,  luminous  spot,  called  Prsdsepe,  or  the  bee-hive, 
which  a  very  moderate  telescope, — an  ordinary  night-glass  for 
instance, — resolves  entirely  into  stars.  In  the  sword-handle  of 
Perseus,  also,  is  another  such  spot,  crowded  with  stars,  which 
requires  rather  a  better  telescope  to  resolve  into  individuals  sepa- 
rated from  each  other.  These  are  called  clusters  of  stars ;  and, 
whatever  be  their  nature,  it  is  certain  that  other  laws  of  aggrega- 
tion subsist  in  these  spots,  than  those  which  have  determined  the 
scattering  of  stars  over  the  general  surface  of  the  sky.  This  con- 
clusion is  still  more  strongly  pressed  upon  us,  when  we  come  to 
bring  very  powerful  telescopes  to  bear  on  these  and  similar  spots. 
There  are  a  great  number  of  objects  which  have  been  mistaken 
for  comets,  and,  in  fact,  have  very  much  the  appearance  of  comets 
without  tails :  small  round,  or  oval  nebulous  specks,  which  tele- 
scopes of  moderate  power  only  show  as  such.  Messier  has  given, 
in  the  Connois.  des  Temps  for  1784,  a  list  of  the  places  of  103 
objects  of  this  sort ;  which  all  those  who  search  for  comets  ought 
to  be  familiar  with,  to  avoid  being  misled  by  their  similarity  of 
appearance.  That  they  are  not,  however,  comets,  their  fixity 
sufficiently  proves;  and  when  we  come  to  examine  them  with 
instruments  of  great  power,— ^uch  as  reflectors  of  eighteen  inches, 
two  feet,  or  more  in  aperture, — any  such  idea  is  completely  de» 
stroyed.  They  are  then,  for  the  most  part,  perceived  to  consist 
entirely  of  stars  crowded  together  so  as  to  occupy  almost  a  definite 
outline,  and  to  run  up  to  a  blaze  of  light  in  the  centre,  where 
their  condensation  is  usually  the  greatest.  (See  jf^.  1,  pi.  II., 
which  represents  (somewhat  rudely)  the  thirteenth  nebula  of  Mes* 
sier's  list  (described  by  him  as  nSbukuse  sans  Stailes),  as  seen  in  a 
reflector  of  18  inches  aperture  and  20  feet  focal  length.)  Many  of 
them,  indeed,  are  of  ao  exactly  round  figure,  and  convey  the  com- 
plete idea  of  a  globular  space  filled  full  of  stars,  insulated  in  the 
heavens,  and  constituting  in  itself  a  family  or  society  apart  from 
the  rest,  and  subject  only  to  its  own  internal  laws.  It  would  be 
a  rain  task  to  attempt  to  count  the  stars  in  one  of  these  globular 
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dusters.  They  are  not  to  be  reckoned  by  hundreds ;  and  on  a^ 
rough  calculation,  grounded  on  the  apparent  intenrals  between 
them  at  the  borders,  and  the  angular  diameter  of  the  whole  group, 
it  would  appear  that  many  clusters  of  this  description  must  con- 
tain, at  least,  five  thousand  stars,  compacted  and  wedged  together 
in  a  round  space,  whose  angular  diameter  does  not  exceed  eight 
or  ten  mmules;  that  is  to  say,  in  an  area  not  more  than  a  tenth 
part  of  that  corered  by  the  moon; 

(866.)  Perhaps  it  may  be  thought  to  savour  of  the  gigantesque 
to  look  upon  the  individuals  of  such  a  group  as  suns  like  onr  own, 
and  their  mutual  distances  as  equal  to  those  which  separate  our 
sun  from  the  nearest  fixed  star :  yet,  when  we  consider  that  their 
united  lustre  afiects  the  eye  with  a  less  impression  of  light  than  a 
star  of  the  fourth  magnitude,  (for  the  largest  of  these  clusters  is 
barely  visible  to  the  naked  eye,)  the  idea  we  are  thus  compelled  to 
form  of  their  distance  from  us  may  prepare  us  for  almost  any  esti- 
mate of  their  dimensions.  At  all  events,  we  can  hardly  look  upon 
a  group  thus  msulated,  thus  in  seipso  toius^  teres^  aique  rotunduSy 
as  not  forming  a  system  of  a  pecoliar  and  definite  character.  Their 
round  figure  clearly  indicates  the  existence  of  some  general  bond 
of  union  in  the  n^ure  of  an  attractive  force ;  and,  in  many  of  them, 
there  is  an  evident  acceleration  in  the  rate  of  condensation  as  we 
approach  the  centre,  which  is  not  referable  to  a  merely  uniform 
distribution  of  equidistant  stars  through  a  globular  space,  but  marks 
an  intrinsic  density  in  their  state  of  aggregation,  greater  in  the 
centre  than  at  the  surface  of  the  mass.  It  is  difficult  to  form  any 
conception  of  the  dynamical  state  of  such  a  system.  On  the  one 
hand,  without  a  rotatory  motion  and  a  centrifugal  force,  it  is  hardly 
possible  not  to  regard  them  as  in  a  state  of  progressive  collapse. 
On  the  other,  granting  such  a  motion  and  such  a  force,  we  find  it 
no  less  difficult  to  reconcile  the  apparent  sphericity  of  their  form 
with  a  rotation  of  the  whole  system  round  anydngle  axis,  without 
which  internal  collisions  might  at  first  sight  appear  to  be  inevitable* 
If  we  suppose  a  globular  space  filled  with  equal  stars,  uniformly 
dispersed  through  it,  and  very  numerous,  each  of  them  attracting 
every  other  with  a  force  inversely  as  the  square  of  the  distance, 
the  resultant  force  by  which  any  one  of  them  (those  at  the  surface 
alone  excepted)  will  be  urged,  in  virtue  of  their  joint  attractions, 
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"will  be  directed  towards  the  common  centre  of  the  sphere,  and 
wiH  be  dfrectly  as  the  distance  therefrom.  This  follows  from  what 
Newton  has  proved  of  the  internal  attraction  of  a  homogeneous 
sphere.  (See  also  note  on  Art.  735.)  Now,  under  such  a  law  of 
force,  each  particular  star  would  describe  a  perfect  ellipse  aboat 
the  common  centre  of  gravity  as  its  centre,  and  thaty  in  whatever 
plane  and  whatever  direction  it  might  revolve.  The  condition, 
therefore,  of  a  rotation  of  the  cluster,  as  a  mass,  about  a  single  axis 
would  be  unnecessary.  Each  ellipse,  whatever  might  be  the  pro- 
portion of  its  axis,  or  the  inclination  of  its  plane  to  the  others, 
would  be  invariable  in  every  particular ^  and  all  would  be  described 
in  one  common  period,  so  that  at  the  end  of  every  such  period,  or 
armus  magntis  of  the  system,  every  star  of  the  cluster  (except  the 
superficial  ones)  would  be  exactly  re-established  in  its  original 
position,  thence  to  set  out  afresh,  and  run  the'  same  unvaiyiog 
round  for  an  indefinite  succession  of  ages.  Supposing  their  motions, 
therefore,  to  be  so  adjusted  at  any  one  moment  as  that  the  orbits 
should  not  intersect  each  other,  and  so  that  the  magnitude  of  eadi 
star,  and  the  sphere  of  its  more  intense  attraction,  should  bear  but  a 
small  proportion  to  the  distance  separating  the  individuals,  such  a 
system,  it  is  obvious,  might  subsist,  and  realize,  in  great  measure, 
that  abstract  and  ideal  harmony,  which  Newton,  in  the  89th  Pro- 
position of  the  First  Book  of  the  Principia,  has  shown  to  charac- 
terize a  law  of  force  directly  as  the  distance.** 

(867.)  The  following  are  the  places,  for  1830,  of  the  principal 
of  these  remarkable  objects,  as  specimens  of  their  class : — 


.B.A. 

N.  P.  D. 

B.A. 

N.  P.  D. 

R.A. 

N.  P.  D. 

h..  zn.  B. 

o    / 

h.  m.  8. 

o   / 

b.  m.  B. 

O    i 

0  16  25 

168  2 

15   9  66 

87  16 

17  26  51 

148  84 

9   8  88 

154  10 

15  84  66 

127  13 

17  28  42 

93  8 

12  47  41 

159  67 

16   6  55 

112  83 

11  26   4 

114  2 

13   4  30 

70  56 

16  23   2 

102  40 

18  66  49 

160  14 

18  16  88 

186  86 

16  86  87 

68  13 

21  21  48 

78  84 

18  84  10 

60  46 

16  50  24 

119  51 

21  24  40 

91  84 

Of  these,  by  far  the  most  conspicuous  and  remarkable  is  »  Centauri 
the  fifth  of  the  list  in  order  of  Right  Ascension.  It  is  visible  to  the 
naked  eye  as  a  dim  round  cometic  object  about  equal  to  a  star 

*  See  also  Quarterly  Retnew,  No.  94,  p.  640. 
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4*5  m.,  though  probably  if  concentered  in  a  single  point,  the  im- 
pression on  the  eye  would  be  much  greater.  Viewed  in  a  power- 
ful telescope  it  appears  as  a  globe  of  fully  20'  in  diameter,  very 
gradually  increasing  in  brightness  to  the  centre,  and  composed  of 
innumerable  stars  of  the  13th  and  15th  Magnitudes  (tlie  former 
probably  being  two  or  more  of  the  latter  closely  juxtaposed).  The 
11th  in  order  of  the  list  (R.  A.  16^  35™)  is  also  visible  to  the  naked 
eye  in  vefy  fine  nights,  between  ^  and  (  Herculis,  and  is  a  superb 
object  in  a  large  telescope.  Both  were  discovered  by  Halley,  the 
former  in  1677,  and  the  latter  in  1714. 

(868.)  It  is  to  Sir  William  Herschel  that  we  owe  the  most  complete 
analysis  of  the  great  variety  of  those  objects  which  are  generally 
classed  under  the  common  head  of  Nebute,  but  which  have  been 
separated  by  him  into — 1st.  Clusters  of  stars,  in  which  the  stars 
are  clearly  distinguishable;  and  these,  again,  into  globular  and 
irregular  clusters ;  2d.  Resolvable  nebute,  or  such  as  excite  a 
suspicion  that  they  consist  of  stars,  and  which  apy  mcrease  of  the 
optical  power  of  the  telescope  may  be  expected  to  resolve  into 
distinct  stars ;  3d.  Nebulae,  properly  so  called,  in  which  there  is 
no  appearance  whatever  of  stars ;  which,  again,  have  been  sub- 
divided into  subordinate  uses,  according  to  their  brightness  and  size ; 
4th.  Planetary  nebulse  ;  5th.  Stellar  nebul» ;  and,  6th.  Nebulous 
stars.  The  great  power  of  his  telescopes  disclosed  the  existence 
of  an  immense  number  of  these  objects  before  unknown,  and 
showed  them  to  be  distributed  over  the  heavens,  not  by  any 
means  uniformly,  but  with  a  marked  preference  to  a  certain  district, 
extending  over  the  northern  pole  of  the  galactic  circle,  and  occupy- 
ing the  constellations  Leo,  Leo  Minor,  the  body,  tail,  and  hind 
legs  of  Ursa  Major,  Canes  Venatici,  Coma  Berenices,  the  preced- 
ing leg  of  Bootes,  and  the  head,  wings,  and  shoulder  of  Virgo.  In 
this  region,  occupying  about  one-eighth  of  the  whole  surface  of  the 
sphere,  one-third  of  the  entire  nebulous  contents  of  the  heavens 
are  congregated.  On  the  other  hand,  they  are  very  sparingly 
scattered  over  the  constellations  Aries,  Taurus,  the  head  and 
shoulders  of  Orion,  Auriga,  Perseus,  Caroelopardalus^  Draco, 
Hercules,  the  northern  part  of  Serpentarius,  the  tail  of  Serpens, 
that  of  Aquila,  and  the  whole  of  Lyra.  The  hours  3,  4,  5,  and 
16,  17,  18,  of  right  ascension  in  the  northern  hemisphere  are 
singularly  poor,  and,  on  the  other  hand,  the  hours  10,  11,  and  12 
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(but  especially  12),  extraordinarily  rich  in  these  objects.  Id  the 
southern  hemisphere  a  much  greater  uniformity  of  distribution 
preyails,  and  with  exception  of  two  veiy  remarkable  centres  of 
accumulation,  called  the  Magellanic  clouds  (of  which  more  pre- 
sently),  there  is  no  very  decided  tendency  to  their  assemblage  io 
any  particular  region. 

(8(39.)  Clusters  of  stars  are  either  globular,  such  as  we  have 
already  described}  or  of  irregular  figure.  These  latter  are,  generally 
speaking,  less  rich  in  stars,  and  especially  less  condensed  towards 
the  centre.    They  are  also  less  definite  in  outline  ;  so  that  it  is 
often  not  easy  to  say  where  they  terminate,  or  whether  they  are 
to  be  regarded  otherwise  than  as  merely  richer  parts  of  the  heavens 
than  those  around  them.    Many,  indeed  the  greater  proportion  of 
them,  are  situated  in  or  close  on  the  borders  of  the  Milky  Way. 
In  some  of  them  the  stars  are  nearly  all  of  a  size,  in  others  ex- 
tremely different;  and  it  is  no  uncommon  thing  to  find  a  very  red 
star  much  brighter  than  the  rest,  occupying  a  conspicuous  situatioo 
in  them.    Sir  William  Herschel  regards  these  as  globular  clusters 
in  a  less  advanced  state  of  condensation,  conceiving  all  such  groups 
as  approaching,  by  their  mutual  attraction,  to  the  globular  figure, 
and  assembling  themselves  together  from  all  the  surrounding 
region,  under  laws  of  which  we  have,  it  is  true,  no  other  proof 
than  the  observance  of  a  gradation  by  which  their  characters  shade 
into  one  another,  so  that  it  is  impossible  to  say  where  one  species 
ends  and  the  other  begins.     Among  the  most  beautifiil  objects  of 
this  class  is  that  which  surrounds  the  star  »  Crucis,  set  down  as  a 
nebula  by  Lacaille.     It  occupies  an  area  of  about  one  48th  part 
of  a  square  degree,  and  consists  of  about  110  stars  from  the  7th 
magnitude  downwards,  eight  of  the  more  conspicuous  of  which 
are  coloured  with  various  shades  of  red,  green,  and  blue,  so  as  to 
give  to  the  whole  the  appearance  of  a  rich  piece  of  jewellery. 

(870.)  Resolvable  nebulse  can,  of  course,  only  be  considered  as 
clusters  either  too  remote,  or  consisting  of  stars  intrinsically  too 
faint  to  affect  us  by  their  individual  light,  unless  where  two  or 
three  happen  to  be  close  enough  to  make  a  joint  impression,  and 
give  the  idea  of  a  point  brighter  than  the  rest.  They  are  almost 
universally  round  or  oval — their  loose  appendages,  and  irregulari- 
ties of  form,  being  as  it  were  extinguished  by  the  distance,  and 
the  only  general  figure  of  the  more  condensed  parts  bemg 
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ceroible.  It  is  under  the  appearance  of  objects  of  this  character 
that  all  the  greater  globular  clusters  exhibit  themselves  in  tele- 
scopes of  insufficient  optical  power  to  show  them  well ;  and  the 
conclusion  is  obvious,  that  those  which  the  most  powerful  can 
barely  render  resolvable,  and  even  those  which,  with  such  powers 
as  are  usually  applied,  show  no  sign  of  being  composed  of  stars, 
would  be  completely  resolved  by  a  further  increase  of  optical 
power.  In  fact,  this  probability  has  almost  been  converted  into  a 
certainty  by  the  magnificent  reflecting  telescope  constructed  by 
Lord  Rosse,  of  six  feet  in  aperture,  which  has  resolved  or  rendered 
resolvable  multitudes  of  nebulae  which  had  resisted  all  inferior 
powers.  The  sublimity  of  the  spectacle  aflbrded  by  that  instru- 
ment of  some  of  the  larger  globular  and  other  clusters  enumerated 
in  the  list  given  in  att.  867,  is  declared  by  all  who  have  witnessed 
it  to  be  such  as  no  words  can  express. 

(871.)  Although,  therefore,  nebulae  do  exist,  which  even  in  this 
powerful  telescope  appear  as  nebulse,  without  any  sign  of  resolu- 
tion, it  may  very  reasonably  be  doubted  whether  there  be  really 
any  essential  physical  distinction  between  nebulae  and  clusters  of 
stars,  at  least  in  the  nature  of  the  matter  of  which  they  consist, 
and  whether  the  distinction  between  such  nebulae  as  are  easily 
resolved,  barely  resolvable  with  excellent  telescopes,  and  alto- 
gether irresolvable  with  the  best,  be  any  thing  else  than  one  of 
degree,  arising  merely  from  the  excessive  minuteness  and  multi- 
tude of  the  stars,  of  which  the  latter,  as  compared  with  the  former, 
consist.  The  first  impression  which  Halley,  and  other  early  dis- 
coverers of  nebulous  objects,  received  firom  their  peculiar  aspect, 
so  difierent  firom  the  keen,  concentrated  light  of  mere  stars,  was 
that  of  a  phosphorescent  vapour  (like  the  matter  of  a  comet's  tail) 
or  a  gaseous  and  (so  to  speak)  elementary  form  of  luminous  side- 
real matter.*  Admitting  the  existence  of  such  a  medium,  dispersed 
in  some  cases  irregularly  through  vast  regions  in  space,  in  others 
confined  to  narrower  and  more  definite  limits.  Sir  W.  Herschel 
was  led  to  speculate  on  its  gradual  subsidence  and  condensation 
by  the  effect  of  its  own  gravity,  into  more  or  less  regular  spherical 
or  spheroidal  forms,  denser  (as  they  must  in  that  case  be)  towards 
the  centre.  Assuming  that  in  the  progress  of  this  subsidence, 
local  centres  of  condensation,  subordinate  to  the  general  tendency, 

*  Halley,  FtdL  Traiu.,  xziz.  p.  890. 
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would  not  be  wanting,  he  conceived  that  in  this  way  solid  nuclei 
might  arise,  whose  local  gravitation  still  further  condensing,  and 
so  absorbing  the  nebulous  matter,  each  in  its  immediate  neigh- 
bourhood, might  ultimately  become  stars,  and  the  whole  nebulae 
finally  take  on  the  state  of  a  cluster  of  stars.    Among  the  multi- 
tude of  nebulse  revealed  by  his  telescopes,  every  stage  of  this 
process  might  be  considered  as  displayed  to  our  eyes,  and  in 
every  modification  of  form  to  which  the  general  principle  might 
be  conceived  to  apply.    The  more  or  less  advanced  state  of  a 
nebula  towards  its  segregation  into  discrete  stars,  and  of  these 
stars  themselves  towards  a  denser  state  of  aggregation  round  a 
central  nucleus,  would  thus  be  in  some  sort  an  indication  of  age. 
Neither  is  there  any  variety  of  aspect  which  nebulae  ofier,  which 
stands  at  all  in  contradiction  to  this  vi^w.    Even  though  we  should 
feel  ourselves  compelled  to  reject  the  idea  of  a  gaseous  or  vaporous 
«  nebulous  matter,"  it  loses  little  or  none  of  its  force.    Subsidence, 
and  the  central  aggregation  consequent  on  subsidence,  may  go  on 
quite  as  well  among  a  multitude  of  discrete  bodies  under  the  influ- 
ence of  mutual  attraction,  and  feeble  or  partially  opposing  projectile 
motions,  as  among  the  particles  of  a  gaseous  fluid. 

(872.)  The  «  nebular  hypothesis^^^  as  it  has  been  termed,  and 
the  theory  of  sidereal  aggregation  st^d,  in  fact,  quite  independent 
of  each  other,  the  one  as  a  physical  conception  of  processes  which 
may  yet,  for  aught  we  know,  have  formed  part  of  that  mysterious 
chain  of  causes  and  effects  antecedent  to  the  existence  of  separate 
self-luminous  solid  bodies ;  the  other,  as  an  application  of  dynami- 
cal principles  to  cases  of  a  very  complicated  nature  no  doubt,  but 
in  which  the  possibility  or  impossibility,  at  leai^t,  of  certain  general 
results  may  be  determined  on  perfectly  legitimate  principles. 
Among  a  crowd  of  solid  bodies  of  whatever  size,  animated  by 
independent  and  partially  apposing  impulses,  motions  opposite  to 
each  other  must  produce  collision,  destruction  of  velocity,  and 
subsidence  or  near  approach  towards  the  centre  of  preponderant 
attraction ;  while  those  which  conspire,  or  which  remain  outstand- 
ing after  such  conflicts,  must  ultimately  give  rise  to  circulation  of 
a  permanent  character.  Whatever  we  may  think  of  such  collisions 
as  events,  there  is  nothing  in  this  conception  contrary  to  sound 
mechanical  principles.  It  will  be  recollected  that  the  appearance 
of  central  condensation  among  a  multitude  of  separate  bodies  in 
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motion,  by  no  means  implioB  permanent  proximity  to  the  centre  in 
each ;  any  more  than  the  habitually  crowded  state  of  a  market 
place,  to  which  a  large  proportion  of  the  inhabitants  of  a  town 
must  frequently  or  occasionally  resort,  implies  the  permanent  resi- 
dence of  each  individual  within  its  area.  It  is  a  fact  that  clusters 
thus  centrally  crowded  do  exist,  and  therefore  the  conditions  of 
their  existence  must  be  dynamically  possible,  and  in  what  has 
been  said  we  may  at  least  perceive  some  glimpses  of  the  manner 
in  which  they  are  so.  The  actual  intervals  between  the  stars, 
even  in  the  most  crowded  parts  of  a  resolved  nebula,  to  be  seen 
at  all  by  us,  must  be  enormous.  Ages,  which  to  us  may  well 
appear  indefinite,  may  easily  be  conceived  to  pass  without  a  single 
instance  of  collision,  in  the  nature  of  a  catastrophe.  Such  may 
have  gradually  become  rarer  as  the  system  has  emerged  from  what 
must  be  considered  its  chaotic  state,  till  at  length,  in  the  fulness 
of  time,  and  under  the  pre-arranging  guidance  of  that  Djcsigk 
which  pervades  universal  nature,  each  individual  may  have  taken 
up  such  a  course  as  to  annul  the  possibility  of  further  destructive 
interference. 

(873.)  But  to  return  from  the  regions  of  speculation  to  the  de« 
scription  of  facts.  Next  in  regularity  of  form  to  the  globular 
clusters,  whose  consideration  has  led  us  into  this  digression,  are 
elliptic  nebulae,  more  or  less  elongated.  And  of  these  it  may  be 
generally  remarked,  as  a  fact  undoubtedly  connected  in  some  very 
intimate  manner  with  the  dynamical  conditions  of  their  subsistence, 
that  such  nebulse  are,  for  the  most  part,  beyond  comparison  more 
difficult  of  resolution  than  those  of  globular  form.  They  are  of  all 
degrees  of  excentricity,  from  moderately  oval  forms  to  ellipses  so 
elongated  as  to  be  almost  linear,  which  are,  no  doubt,  edge-views 
of  very  flat  ellipsoids.  In  all  of  them  the  density  increases  towards 
the  centre,  and  as  a  general  law  it  may  be  remarked  that,  so  far  as 
we  can  judge  from  their  telescopic  appearance,  their  internal  strata 
approach  more  nearly  to  the  spherical  form  than  their  external. 
Their  resolvability,  too,  is  greater  in  the  central  parts,  whether 
owing  to  a  real  superiority  of  size  in  the  central  stars  or  to  the  greater 
frequency  of  cases  of  close  juxta-position  of  individuals,  so  that 
two  or  three  united  appear  as  one.  In  some  the  condensation  is 
slight  and  gradual,  in  others  great  and  sudden :  so  sudden,  indeed> 
as  to  offer  the  appearance  of  a  dull  and  blotted  star,  standing  in 
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the  midst  of  a  faint,  nearly  equable  elliptic  nebulosity,  of  vrfaich 
two  remarkable  specimens  occur  in  R.  A.  12^  10*^  33%  N.  P.  D. 
41°  46',  and  in  13^  27°^  28%  119^0'  (1830). 

(874.)  The  largest  and  finest  specimens  of  elliptic  nebulae  which 
the  heavens  afford  are  that  in  the  girdle  of  Andromeda  (near  the 
star  V  of  that  constellation)  and  that  discovered  in  1783,  by  Miss 
CaroUna  Herschel,  in  R.  A.  0»»  39"  12%  N.P.D.  116°  13'.     The 
nebula  in  Andromeda  (Plate  II.  fig.  3,)  is  visible  to  the  naked  eye, 
and  is  continually  mistaken  for  a  comet  by  those  unacqusdnted 
with  the  heavensi.  Simon  Marius,  who  noticed  it  in  1612  (though 
it  appears  also  to  have  been  seen  and  described  as  oval,  in  995^ 
describes  its  appearance  as  that  of  a  candle  shining  through  faoro, 
and  the  resemblance  is  not  inapt.    Its  form,  as  seen  through  ordi- 
nary telescopies,  is  a  pretty  long  oval,  increasing  by  insensible 
gradations  of  brightness,  at  first  very  gradually,  but  at  last  more 
rapidly,  up  to  a  central  point,  which,  though  very  much  brighter 
than  the  rest,  is  decidedly  not  a  star,  but  nebula  of  the  same 
general  character  with  the  rest  in  a  state  of  extreme  condensation. 
Casual  stars  are  scattered  over  it,  but  with  a  reflector  of  18  inches 
in  diameter,  ther^  is  nothing  to  excite  any  suspicion  of  its  consist- 
ing of  stars.     Examined  with  instruments  of  superior  defining 
power,  however,  the  evidence  of  its  resolvability  into  stars,  may 
be  regarded  as  decisive.  Mr.  G.  P.  Bond,  assistant  at  the  observa- 
tory of  Cambridge,  U.  S.,  describes  and.  figures  it  as  extending 
nearly  2^^  in  length,  and  upwards  of  a  degree  in  breadth  (so  as 
to  include  two  other  smaller  adjacent  nebulae),  of  a  form,  generally 
speaking,  oval,  but  with  a  considerably  protuberant  irregularity  at 
its  north  following  extremity,  very  suddenly  condensed  at  the 
nucleus  almost  to  the  semblance  of  a  iitar,  and  though  not  itself 
clearly  resolved,  yet  thickly  sown  over  with  visible  minute  stars, 
80  numerous  as  to  allow  of  200  being  counted  within  a  field  of 
20'  diameter  in  the  richest  parts.     But  the  most  remarkable  fea- 
ture in  his  description  is  that  of  two  perfectly  straight,  narrow,  and 
comparatively  or  totally  obscure  streaks  which  run  nearly  the  whole 
length  of  one  side  of  the  nebula,  and  (though  slightly  divergent 
from  each  other)  nearly  parallel  to  its  longer  axis.    These  streaks 
(which  obviously  indicate  a  stratified  structure  in  the  nebula,  if^  * 
indeed,  they  do  not  originate  in  the  interposition  of  imperfectly 
transparent  matter  between  us  and  it)  are  not  seen  on  a  general 
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and  cursory  view  of  the  nebula ;  they  requn*e  attention  to  distin- 
guish them,*  and  this  circumstance  must  be  borne  in  mind  when 
inspecting  the  very  extraordinary  engraving  which  illustrates  Mr. 
Bond's  account.  The  figure  given  in  our  Plate  II.  fig.  3,  is  from 
a  rather  hasty  sketch,  and  makes  no  pretensions  to  exactness.  A 
similar,  but  much  more  strongly  marked  case  of  parallel  arrange- 
ment than  that  noticed  by  Mr.  Bond  in  this,  is  one  in  which  the 
two  semi'Ovals  of  an  elliptically  formed  nebula  appear  cut  asunder 
and  separated  by  a  broad  obscure  band  parallel  to  the  larger  axis 
of  the  nebula,  in  the  midst  of  which  a  feint  streak  of  light  parallel 
to  the  sides  of  the  cut  appears,  is  seen  in  the  southern  hemisphere 
in  R»  A.  IS**  16»  31',  N.  P.  D.  132^  8'  (1830).  The  nebulse  in 
12fc  27-  3%  63^  5',  and  12»»  31"»  11*,  100^  40'  present  analogous 
features. 

(875.)  Annular  nebula  also  exist,  but  are  among  the  rarest 
objects  in  the  heavens.  The  most  conspicuous  of  this  class  is  to 
be  found  almost  exactly  half  way  between  0  and  y  Lyrs,  and  may 
be  seen  with  a  telescope  of  moderate  power.  It  is  small  and  par- 
ticularly  well  defined,  so  as  to  have  more  the  appearance  of  a  flat 
oval  solid  ring  than  of  a  nebula.  The  axes  of  the  ellipse  are  to 
each  other  in  the  proportion  of  about  4  to  6,  and  the  opening 
occupies  about  half  or  rather  more  than  half  the  diameter.  The 
central  vacuity  is  not  quite  dark,  but  is  filled  in  with  faint  nebula, 
like  a  gauze  stretched  over  a  hoop.  The  powerful  telescopes  of 
Lord  Rosse  resolve  this  object  into  excessively  minute  stars,  and 
show  filaments  of  stars  adhering  to  its  edges.t 

(876.)  Planetary  nebuue  are  very  extraordinary  objects. 
They  have,  as  their  name  imports,  a  near,  in  4Some  instances,  a 
perfect  resemblance  to  planets,  presenting  discs  round,  or  slightly 
oval,  in  some  quite  sharply  terminated,  in  others  a  little  hazy  or 
softened  at  the  borders.  Their  light  is  in  some  perfectly  equable, 
in  others  mottled  and  of  a  very  peculiar  texturey  as  if  curdled. 
They  are  comparatively  rare  objects,  not  above  four  or  five  and 
twenty  having  been  hitherto  observed,  and  of  these  nearly  three 

*  Account  of  the  nebula  in  Andromeda,  by  G.  P.  Bond,  afsUtant  at  the  Cam* 
bridge  Obseryatory,  U.  S.    Trans.  American  Acad.,  vol.  iii.  p.  80. 

'I'  The  places  of  the  annular  nebuls,  at  present  known  (for  1830)  are. 
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fourths  are  situated  in  the  soathera  hemispfaeFe,  Being'Tery  inte- 
resting objects  we  subjoin  a  list  of  the  most  remarkable.*  Among 
these  may  be  more  particularly  specified  the  sixth  in  order,  situated 
in  the  Cross.  Its  light  is  about  equal  to  that  of  a  star  of  the  6*7 
magnitude,  its  diameter  about  12",  its.dise  circular  or  very  sligfatly 
elliptic,  and  with  a  clear,  sharp,  well-defined  outline,  having  ex- 
actly the  appearance  of  a  planet  with  the  exception  only  of  its 
colour,  which  is  a  fine  and  full  blue  verging  somewhat  upon  green. 
And  it  is  not  a  little  remarkable  that  this  phenomenon  of  a  blue 
colour,  which  is  so  rare  among  stars  (except  when  in  the  imme- 
diate proximity  of  yellow  stars)  occurs,  though  less  strikingly,  in 
three  other  objects  of  this  class,  viz.  in  No.  4,  whose  colour  is 
sky-blue,  and  in  Nos.  11  and  12,  where  the  tint,  though  paler,  is 
still  evident.  Nos.  2,  7,  9,  and  12,  are  also  exceedingly  charac- 
teristic objects  of  this  class.  Nos.  3,  4,  and  11  (the  latter  in  the 
parallel  of  »  Aquarii,  and  about  5™  preceding  that  star),  are  con- 
siderably elliptic,  and  (respectively)  about  38",  30'/  and  15"  in 
diameter.  On  the  disc  of  No.  3,  and  very  nearly  in  the  centre  of 
the  ellipse,  is  a  star  9m,  and  the  texture  of  its  lights  being  vel- 
vety, or  as  if  formed  of  fine  dust,  clearly  indicates  its  resolvability 
bto  stars.  The  largest  of  these  objects  is  No.  5,  situated  some- 
what south  of  the  parallel  of  ^  Ursae  Majoris  and  about  12"" 
following  that  star.  Its  apparent  diameter  is  2'  40",  which,  sap- 
posing  it  placed  at  a  distance  from  us  not  more  than  that  of  61 
Cygni,  would  imply  a  linear  one  seven  times  greater  than  that  of 
the  orbit  of  Neptune.  The  light  of  this  stupendous  globe  is  per- 
fectly equable  (except  just  at  the  edge,  where  it  is  slightly  soft- 
ened),  and  of  considerable  brightness.  Such  an  appearance  would 
not  be  presented  by  a  globular  space  uniformly  filled  with  stars  or 
luminous  matter,  which  structure  would  necessarily  give  rise  to  an 
apparent  increase  of  brightness  towards  the  centre  in  proportion  to 
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the  thickness  traversed  by  the  visual  ray.  We  might,  therefore,  be 
indaced  to  conclude  its  real  constitution  to  be  either  that  of  a  hol- 
low spherical  shell  or  of  a  flat  disc,  presented  to  us  (by  a  highly 
improbable  coincidence)  in  a  plane  precisely  perpendicular  to  the 
visual  ray. 

(877.)  Whatever  idea  we  may  form  of  the  real  nature  of  such 
a  body,  or  of  the  planetary  nebulee  in  general,  which  all  agree  in 
the  absence  of  central  condensation,  it  is  evident  that  the  intrinsic 
splendour  of  their  surfaces,  if  coniimumsj  must  be  almost  infi- 
nitely less  than  that  of  the  sun.  A  circular  portion  of  the  sun's 
disc,  subtending  an  angle  of  1',  would  give  a  light  equal  to  that  of 
780  full  moons;  while  among  all  the  objects  in  question  there  is 
not  one  which  can  be  seen  with  the  naked  eye.  M.  Arago  has 
surmised  that  they  may  possibly  be  envelopes  shining  by  reflected 
light,  from  a  solar  body  placed  in  their  centre,  invisible  to  us  by 
the  efiect  of  its  excessive  dbtance ;  removing,  or  attempting  to 
remove  the  apparent  paradox  of  such  an  explanation,  by  the  optical 
principle  thai  an  illuminated  surface  is  equally  bright  at  all  dis- 
tances, and,  therefore,  if  large  enough  to  subtend  a  measurable 
angle,  can  be  equally  well  seen,  whereas  the  central  body,  subtend- 
ing no  such  angle,  has  its  effect  on  our  sight  diminished  in  the 
inverse  ratio  of  the  square  of  its  distance.*  The  assiduous  appli- 
cation of  the  immense  optical  powers  recently  brought  to  bear  on 
the  heavens,  will  probably  remove  some  portion  of  the  mystery 
which  at  present  hangs  about  these  enigmatical  objects. 

(878.)  Double  nebulae  occasionally  occur — and  when  such  is 
the  case,  the  constituents  most  commonly  belong  to  the  class  of 
spherical  nebulae,  and  are  in  some  instances  undoubtedly  globular 
clusters.  All  the  varieties  of  double  stars,  in  fact,  as  to  distance, 
position,  and  relative  brightness,  have  their  counterparts  in  double 
nubulae ;  besides  which  the  varieties  of  form  and  gradation  of  light 

*  With  due  deference  to  w  high  an  anthority  we  must  demur  to  the  conduiion. 
Even  supposing  the  envelope  to  reflect  and  scatter  (equally  in  all  directions)  all  ^ 
the  light  of  the  central  ffui,  the  porUon  of  the  light  so  scattered  which  would  flitf 
to  our  share,  could  not  exceed  that  which  that  sun  itself  would  send  to  us  by  direct 
radiation.  But  this,  ex  hypotheai,  is  too  small  to  afiect  the  eye  with  any  luminous 
perception,  much  less  then  could  it  do  so  if  spread  over  a  surface  many  million 
times  exceeding  in  angular  area  the  apparent  disc  of  the  central  sun  itseul  (See 
Annuaire  du  Bureau  des  Longitudes,  1S42,  p.  409,  410,  4 U.)  M.  Arago  is  ex- 
preasly  contending  for  reflecUd  light.  If  the  envelope  be  self-luminous,. his  rea* 
soning  is  perfectly  sound. 
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in  the  latter  afford  room  for  combinatioBs  peculiar  to  this  class  of 
objects.    Though  the  conclusive  evidence  of  observed   relative 
motion  be  yet  wanting,  and  though  from  the  vast  scale  on  which 
such  systems  are  constructed,  and  the  probable  extreme  slowneas 
of  the  angular  motion,  it  may  continue  for  ages  to  be  so,  yet  it  is 
impossible,  when  we  cast  our  eyes  upon  such  subjects,  or  on  the 
figures  which  have  been  given  of  them,*  to  doubt  their  physical 
connexion.     The  argument  drawn  from  the  comparative  rarity  of 
the  objects  in  proportion  to  the  whole  extent  of  the  heavens,  so 
cogent  in  the  case  of  the  double  stars,  is  infinitely  more  so  in  that 
f  of  the  double  nebute.    Nothing  more  magnificent  can  be  presented 
'.  to  our  consideration,  than  such  combinations.    Their  stupendous 
scale,  the  multitude  of  individuals  they  involve,  the  perfect  sym* 
metry  and  regularity  which  many  of  them  present,  the  utter  dis* 
regard  of  complication  in  thus  heaping  together  system  upon  system, 
and  construction  upon  construction,  leave  us  lost  in  wonder  and 
admiration  at  the  evidence  they  afford  of  infinite  power  and  cm* 
fathomable  design. 

(879.)  Nebulse  of  regular  forms  often  stand  in  marked  ^nd 
symmetrical  relation  to  stars,  both  single  and  double.  Thus  we 
are  occasionally  presented  with  the  beautiful  and  striking  pheno- 
menon of  a  sharp  and  brilliant  star  concentrically  surrounded  by  a  ^ 
perfectly  circular  disc  or  atmosphere  of  faint  light,  in  some  cases 
dying  away  insensibly  on  all  sides,  in  others  almost  suddfl^jy  ter- 
minated. These  are  JVebulotis  Stars,  Fine  examples  of  this  kind 
are  the  45th  and  69th  nebulae  of  Sir  Wm.  HerschePs  fourth  classf 
(R.  A.  7^  19"^  8%N.  P.  D.  68^45',  and  3^  58"^  36-,  59O40'),  in  which 
stars  of  the  8th  magnitude  are  surrounded  by  photospheres  of  the 
kind  above  described  respectively  of  12''  and  25"  in  diameter. 
Among  stars  of  larger  magnitudes,  55  Andromedae  and  8  Canum 
Venaticorum  may  be  named  as  exhibiting  the  same  phenomenon 
with  more  brilliancy,  but  perhaps  with  less  perfect  regularity. 
(880.)  The  connexion  of  nebulse  with  double  stars  is  in  many 

•  PWl.  Tmns..  1838.    Plate  vii, 

j-  The  classes  here  referred  to  are  not  the  species  described  in  Art  868,  hut  lists 
of  nebubB,  eight  in  number  arranged  according  to  brightness,  nze,  density  of  clus- 
tering, &c,  in  one  or  other  of  which  all  nebuls  were  originally  classed  by  him. 
Class  I.  contains  •<  Bright  nebule ;"  II.  **  Faint  do. ;"  III.  "  Very  fiiint  do. ;"  IV. 
"  Planetary  nebuls,  stars  with  bars,  milky  chevelures,  short  rays,  remarkable  shapes, 
Ac;'*  V.  ^Very  large  nebule;"  VI.  "Very  compresKd  rich  dusters;"  VII. 
"  Pretty  much  compressed  do.;**  VIIL  •*  Coarsely  scattered  clusters." 
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instances  evtremely  remarkable.  Thus  in  R.  A.  18^  7"^  1% 
N.  P.  D.  109°  56'^  occurs  an  elliptic  nebula  having  its  longer  axis 
about  50",  in  which  symmetrically  placed,  and  rather  nearer  the 
vertices  than  the  foci  of  the  ellipse,  are  the  equal  individuals  of  a 
double  star,  each  of  the  10th  magnitude.  In  a  similar  combina- 
tion  noticed  by  M.  Struve  (b  R.  A.  18'» aS-,  N.  P.  D.  25° 7), 
the  stars  are  unequal  and  situated  precisely  at  the  two  extremities 
of  the  major  axis.  In  R.  A.  13''  47"^  33',  N.  P.  D.  129°  9',  an 
oval  nebula  of  2'  in  diameter  has  very  near  its  centre  a  close 
double  star,  the  individuals  of  which,  slightly  unequal,  and  about 
the  9-10  magnitude,  are  not  more  than  2''  asunder.  The  nucleus 
of  M essier's  64th  nebula  is  <<  strongly  suspected"  to  be  a  close 
double  star — and  several  other  instances  might  be  cited. 

(881.)  Among  the  nebulse  which,  though  deviating  more  from 
symmetry  of  form,  are  yet  not  wanting  in  a  certain  regularity  of 
figure,  and  which  seem  clearly  entitled  to  be  regarded  as  systems 
of  a  definite  nature,  however  mysterious  their  structure  and  desti- 
nation,  by  far  the  most  remarkable  are  the  27th  and  51st  of  Mes- 
sier's  Catalogue.*  This  consists  of  two  round  or  somewhat  oval 
nebulous  masses  united  by  a  short  neck  of  nearly  the  same  density. 
Both  this  and  the  masses  graduate  off  however  into  a  fainter 
nebulous  envelope  which  completes  the  figure  into  an  elliptic 
form,  of  wfcich  the  interior  masses  with  their  connexion  occupy 
the  Iesa|r  axis.  Seen~in  a  reflector  of  18  inches  in  aperture,  the 
form  fias  considerable  i^gularity ;  and  though  a  few  stars  are  here 
and  there  scattered  jover  it,  it  is  unresolved.  Lord  Rosse,  viewing 
it  with  a  rejector  of  double  that  aperture,  describes  and  figures  it 
as  resolved  into  numerous  stars  with  much  intermixed  nebula; 
while  the  symmetry  of  form  by  rendering  visible  features  too  faint 
to  be  seen  with  inferior  power,  is  rendered  considerably  less  strik- 
ing, though  by  no  means  obliterated. 

(882.)  The  51st  nebula  of  Messier,  viewed  through  an  18  inch 
reflector,  presents  the  appearance  of  a  large  and  bright  globular 
nebula,  surrounded  by  a  ring  at  a  considerable  distance  from  the 
globe,  very  unequal  in  brightness  in  its  different  parts,  and  subdi* 
vided  through  about  two-fiflhs  of  its  circumference  as  if  into  two 
laminae,  one  of  which  appears  as  if  turned  up  towards  the  eye  out 

•  Place  for  1830 :  R.  A.  19*  62-  W,  N.  P.  D.  ST®  44',  ud  R.  A.  l^  «2-  89||, 
N.  P.  D.  410  60^ 
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of  the  plane  of  the  rest.  Near  it  (at  aboat  a  radius  of  the  riog 
distant)  is  a  small  bright  round  nebula.  Viewed  through  the  6 
feet  reflector  of  Lord  Rosse  the  aspect  is  much  altered.  The 
interior,  or  what  appeared  the  upturned  portion  of  die  ring,  assumes 
the  aspect  of  a  nebulous  coil  or  convolution  tending  in  a  spiral 
form  towards  the  centre,  and  a  general  tendency  to  a  spiroid 
arrangement  of  the  streaks  of  nebula  connecting  the  ring  and 
central  mass  which  this  power  brings  into  view,  becomes  apparent, 
and  forms  a  very  striking  feature.  The  outlying  nebula  is  also 
perceived  to  be  connected  by  a  narrow,  curved  band  of  nebulous 
light  with  the  ring,  and  the  whole,  if  not  clearly  resolved  into  stars, 
has  a  <<  resolvable"  character  which  evidently  indicates  its  com- 
position.* 

(883.)  We  come  now  to  a  class  of  nebulae  of  totally  different 
character.  They  are  of  very  great  extent,  utterly  devoid  of  all 
symmetry  of  form, — on  the  contrary,  irregular  and  capricious  in 
their  shapes  and  convolutions  to  a  most  extraordinary  degree,  and 
no  less  so  in  the  distribution  of  their  light.  No  two  of  them  can 
be  said  to  present  any  similarity  of  figure  or  aspect,  but  they  have 
one  important  character  in  common.  They  are  all  situated  in,  or 
very  near,  the  borders  of  the  Milky  Way.  The  most  remote  from 
it  is  that  in  the  sword  handle  of  Orion,  which  being  20°  from  the 
galactic  circle,  and  15°  from  the  visible  border  of  the  Via  Lactea, 
might  seem  to  form  an  exception,  though  not  a  striking  one.  But 
this  very  situation  may  be  adduced  as  a  corroboration  of  the 
general  view  which  this  principle  of  localization  suggests.  For 
the  place  in  question  is  situated  in  the  prolongation  of  that  faint 
ofiset  of  the  Milky  Way  which  we  traced  (art.  787,)  from  ^  and  • 
Persei  towards  Aldebaran  and  the  Hyades,  and  in  the  zone  of 
Great  Stars  noticed  in  art.  785,  as  an  appendage  of,  and  probably 
bearing  relation  to  that  stratum. 

(884.)  From  this  it  would  appear  to  follow,  almost  as  a  matter 
of  course,  that  they  must  be  regarded  as  outlying,  very  distant, 
and  as  it  were  detached  fragments  of  the  great  stratum  of  the 
Galaxy,  and  this  view  of  the  subject  is  strengthened  when  we  find 
on  mapping  down  their  places  that  they  may  all  be  grouped  in 

*  This  deflcription  is  from  the  recollection  of  a  sketch  exhibited  by  his  Lordship 
at  the  British  Assodatton.  Every  astronomer  must  long  for  the  publication  of  his 
own  aoooont  of  the  wonders  disdoeed  by  this  magnificent  instrument 
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four  great  masses  or  nebalous  regions, — that  of  OrioDy  of  Argo, 
of  Sagittarius,  and  of  Cygnus.  And  thus,  inductively,  we  may 
gather  some  information  respecting  the  structure  and  form  of  the 
Galaxy  itself,  which,  could  we  view  it  as  a  whole,  from  a  distance 
such  as  that  which  separates  us  from  these  objects,  would  very 
probably  present  itself  under  an  aspect  quite  as  complicated  and 
irregular. 

(885.)  The  great  nebula  surrounding  the  stars  marked  9  1  in 
the  sword  handle  of  Orion  was  discover^  by  Huyghens  in  1656, 
and  has  been  repeatedly  figured  and  described  by  astronomers 
since  that  time.  Its  appearance  varies  greatly  (as  that  of  all  nebu- 
lous objects  does)  with  the  instrumental  power  applied,  so  that  it 
is  difficult  to  recognize  in  representations  made  with  inferior  tele* 
scopes,  even  principal  features,  to  say  nothing  of  subordinate 
details.  Until  this  became  well  understood,  it  iK'as  supposed  to 
have  changed  very  materially,  both  in  form  and  extent,  during  the 
interval  elapsed  since  its  first  discovery.  No  doubt,  however,  now 
remains  that  these  supposed  changes  have  originated  partly  from 
the  cause  above-mentioned,  partly  from  the  difficulty  of  correctly 
drawing,  and,  still  more,  engraving  such  objects,  and  partly  from 
a  want  of  sufficient  care  in  the  earlier  delineators  themselves,  in 
faithfully  copying  that  which  they  really  did  see.  Our  figure 
(Plate  IV., ^.  1,)  is  reduced  from  a  larger  one  made  under  very 
favourable  circumstances,  from  drawings  taken  from  an  18-inch 
reflector  at  the  Cape  of  Good  Hope,  where  its  meridian  altitude 
greatly  exceeds  what  ft  has  at  European  stations.  The  area  occu* 
pied  by  this  figure  is  about  one  25th  part  of  a  square  degree, 
extending  in  R.  A.  (or  horizontally)  2°^  of  time,  equivalent  almost 
exactly  to  SCV  in  arc,  the  object  being  very  near  the  equator,  and 
24'  vertically,  or  in  polar  distance.  The  figure  shows  it  reversed 
in  both  directions,  the  northern  side  being  lowermost,  and  the 
preceding  towards  the  left  hand.  In  form,  the  brightest  portion 
ofiers  a  resemblance  to  the  head  and  yawning  jaws  of  some  mon« 
strous  animal,  with  a  sort  of  proboscis  running  put  from  the  snout. 
Many  stars  are  scattered  over  it,  which  for  the  most  part  appear 
to  have  no  connexion  with  it,  and  the  remarkable  sextuple  star 
9  1  Orionis,  of  which  mention  has  already  been  made  (art.  837), 
occupies  a  most  conspicuous  situation  close  to  the  brightest  por- 
tion, at  almost  the  edge  of  the  opening  of  the  jaws.    It  is  remarka* 
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blei  however,  that  within  the  area  of  the  trapeziam  no  nAala 
exists.  The  general,  aspect  of  the  less  luminous  and  cirrous*  por* 
tion  is  simply  nebulous  and  irresolvable^  but  the  brighter  portian 
immediately  adjacent  to  the  trapezium,  forming  the  square  front  of 
the  head,  is  shown  with  the  18-inch  reflector  broken  up  into 
masses  (very  imperfectly  represented  in  the  figure),  whose  mottled 
and  curdling  light  evidently  indicates  by  a  sort  of  granular  texture 
its  consisting  of  stars,  and  when  examined  under  the  great  light 
of  Lord  Rosse's  reflect(yr,  or  the  exquisite  defining  power  of  the 
great  achromatic  at  Cambridge,  U.  S.,  is  evidently  perceived  te 
consist  of  clustering  stars.  There  can  therefore  be  little  doubt 
as  to  the  whole  consisting  of  stars,  too  minute  to  be  discerned 
individually  even  with  these  powerful  aids,  but  which  become 
visible  as  points  of  light  when  closely  adjacent  in  the  more 
crowded  parts  in  the  mode  already  more  than  once  suggested. 

(886.)  The  nebula  is  not  confined  to  the  limits  of  our  figure. 
Northward  of  s  about  33',  and  nearly  on  the  same  meridian  are 
two  stars  marked  C  1  and  C  2  Orionis,  involved  in  a  bright  and 
branching  nebula  of  very  singular  form,  and  south  of  it  is  the  star 
ft  Orionis,  which  is  also  involved  in  strong  nebula.  Careful  ex- 
amination  with  powerful  telescopes  has  traced  out  a  continuity  of 
nebulous  light  between  the  great  nebula  and  both  these  objects, 
and  there  can  be  little  doubt  that  the  nebulous  region  extends 
northwards,  as  far  as  <  in  the  belt  of  Orion,  which  is  involved  in 
strong  nebulosity,  as  well  as  several  smaller  stars  in  the  immediate 
neighbourhood.  Professor  Bond  has  given  a  beautiful  figure  of 
the  great  nebula  in  Trans.  American  Acad,  of  Arts  and  Sciences, 
new  series,  vol.  iii. 

(887.)  The  remarkable  variation  in  lustre  of  the  bright  star  n  in 
Argo,  has  been  already  mentioned.  This  star  is  situated  in  the 
most  condensed  region  of  a  very  extensive  nebula  or  congeries 
of  nebular  masses,  streaks  and  branches,  a  portion  of  which  is  re- 
presented in  fig.  2,  Plate  IV.  The  whole  nebula  is  spread  over 
an  area  of  fully  a  square  degree  in  extent,  of  which  that  included  in 
the  figure  occupies  about  one-fourth,  that  is  to  say,  28'  in  polar 
distance,  and  32'  of  arc  in  R.  A.,  the  portion  not  included  being, 
though  fainter,  even  more  capriciously  contorted  than  that  here 
depicted,  in  which  it  should  be  observed  that  the  preceding  side 
is  towards  the  right  hand,  and  the  southern  uppermost.     Viewed 
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with  an  IS-inch  reflector,  no  part  of  this  strange  object  shows  any 
sign  of  resolution  into  stars,  oor  in  the  brightest  and  most  condensed 
portion  adjacent  to  the  singular  oval  vacancy  in  the  middle  of  the 
figure  is  there  any  of  that  curdled  appearance,  or  that  tendency  to 
break  up  into  bright  knots  with  intervening  darker  portions  which 
characterize  the  nebula  of  Orion,  and  indicate  its  resolvability. 
The  whole  is  situated  in  a  very  rich  and  brilliant  part  of  the  Milky 
Way,  so  tluckly  strewed  with  stars  (omitted  in  the  figure),  that  in 
the  area  occupied  by  the  nebula,  not  less  than  1200  have  been 
actually  counted,  and  their  places  in  R.  A.  and  P.  D.  determined. 
Yet  it  is  obvious  that  these  have  no  connexion  whatever  with  the 
nebula,  being,  in  fact,  only  a  simple  continuation  over  it  of  the 
general  ground  of  the  galaxy,  which  on  an  average  of  two  hours 
in  Right  Ascension  in  this  period  of  its  course  contains  no  less 
that  3138  stars  to  the  square  degree,  all,  however,  distinct,  and 
(except  where  the  object  in  question  is  situated)  seen  projected  on 
a  perfectly  dark  heaven,  without  any  appearance  of  intermixed 
nebulosity.  The  conclusion  can  hardly  be  avoided,  that  in  look- 
ing  at  it  we  see  through,  and  beyond  the  Milky  Way,  far  out  into 
space,  through  a  starless  region,  disconnecting  it  altogether  from 
our  system.  <(  It  is  not  easy  for  language  to  convey  a  full  impres* 
sion  of  the  beauty  and  sublimity  of  the  spectacle  which  this  nebula 
offers,  as  it  enters  the  field  of  view  of  a  telescope  fixed  in  Right 
Ascension,  by  the  diurnal  motion,  ushered  in  as  it  is  by  so  glorious 
and  innumerable  a  procession  of  stars,  to  which  it  forms  a  sort  of 
climax,"  and  in  a  part  of  the  heavens  otherwise  full  of  interest. 
One  other  bright  and  very  remarkably  formed  nebula  of  considera- 
ble magnitude  precedes  it  nearly  on  the  same  parallel,  but  without 
any  traceable  connexion  between  them. 

(888.)  The  nebulous  group  of  Sagittarius  consists  of  several  con- 
spicuous nebulae*  of  very  extraordinary  forms  by  no  means  easy 
to  give  an  idea  of  by  mere  description.     One  of  them  (A,  19911) 

•  About  R.  A.  17b  520,  N.P.D.  113^  i\  four  nebula.  No.  41  of  Sir  Wm. 
Herschel's  4tli  dan,  and  Nos.  1,  2,  3,  of  his  6th  all  connected  into  one  great 
complex  nebula^In  R.  A.  17i»  63»  27%  N.  P.  D.  1  U°  21%  Uie  SU^  and  in  IS** 
11",  106^'  15^,  the  17Uiof  Meflflier'B  Catalogue. 

f  This  number  refers  to  the  catalogue  of  Aebule  in  Phil.  Trans.  1833.  The 
xeaider  wiU  find  figures  of  the  several  nebnte  of  this  grdap  in  that  Tolnme,  pLiv.  fig. 
35,  in  the  Author's  *«  Results  of  Observations,  Ac^  at  the  Cape  of  Good  Hope," 
Plates  i.  fig.  1.,  and  ii.  figs.  1  and  2,  and  in  Mason's  Memoir  in  the  collection  of  the 
American  Phil.  Soc.,  vol  vii.  aft.  xiii. 
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is  singularly  trifid,  consisting  of  three  bright  and  irregularly  formed 
nebulous  naasses,  graduating  away  insensibly  externally,  but 
coming  up  to  a  great  intensity  of  light  at  their  interior  edges,  where 
they  enclose  and  surround  a  sort  of  three- forked  rift,  or  vacaot 
area,  abruptly  and  uncouthly  crooked,  and  quite  void  of  nebulous 
light.  A  beautiful  triple  star  is  situated  precisely  on  the  edge  of 
one  of  these  nebulous  masses  just  where  the  interior  vacancy  forks 
out  into  two  channels.  A  fourth  nebulous  mass  spreads  like  a  hn 
or  downy  plume  from  a  star  at  a  little  distance  from  the  triple 
nebula.^ 

(889.)  Nearly  adjacent  to  the  last  described  nebnla,  and  no 
doubt  connected  with  it,  though  the  connexion  has  not  yet  been 
traced,"  is  situated  the  8th  nebula  of  Messier's  Catalogue.  It  is  a 
collection  of  nebulous  folds  and  masses,  surrounding  and  including 
a  ntimber  of  oval  dark  vacancies,  and  in  one  place  coming  up  to 
so  great  a  degree  of  brightness,  as  to  ofier  the  appearance  of  an 
elongated  nucleus.  Superposed  upon  this  nebula,  and  extending 
in  one  direction  beyond  its  area,  is  a  fine  and  rich  cluster  of  scat- 
tered stars,  which  seem  to  have  no  connexion  with  it,  as  the  nebula 
does  not,  as  in  the  region  of  Orion,  show  any  tendency  to  congre* 
gate  about  the  stars. 

(890.)  The  19th  nebula  of  Messier's  Catalogue,  though  some 
degrees  remote  from  the  others,  evidently  belongs  to  this  group. 
Its  form  is  very  remarkable,  consisting  of  two  loops  like  capital 
Greek  Omegas,  the  one  bright,  the  other  exceedingly  faint,  con- 
nected at  their  bases  by  a  broad  and  very  bright  band  of  nebnla, 
insulated  within  which  by  a  narrow  comparatively  obscure  border, 
stands  a  bright,  resolvable  knot,  or  what  is  probably  a  cluster  of 
exceedingly  minute  stars.  A  very  faint  round  nebula  stands  in 
connexion  with  the  upper  or  convex  portion  of  the  brighter  loop. 

(891.)  The  nebulous  group  of  Cygnus  consists  of  several  large 
and  irregular  nebulse,  one  of  which  passes  through  the  double  star 
k  Cygni,  as  a  long,  crooked,  narrow  streak,  forking  out  in  two  or 
three  places.  The  others,*  observed  in  the  first  instance  by  Sir 
W.  Herschel  and  by  the  author  of  this  work  as  separate  nebulae, 
have  been  traced  into  connexion  by  Mr.  Mason,  and  shown  to 
form  part  of  a  curious  and  intricate  nebulous  system,  consisting, 
1st,  of  a  long,  narrow,  curved,  and  forked  streak,  and  2dly,  of  a 

*  R.  A.  20^  49»  20',  N.  P.  IK  fiS^*  $7'. 
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cellular  efiusion  of  great  extent,  in  which  the  nebula  occurs  inter- 
mixed  with,  and  adhering  to  stars  around  the  borders  of  the  cells, 
while  their  interior  is  free  from  nebula,  and  almost  so  from  stars. 

(892.)  The  Magellanic  clouds,  or  the  nubecul«&  (major  and 
minor),  as  they  are  called  in  the  celestial  maps  and  charts,  are,  as 
their  name  imports,  two  nebulous  or  cloudy  masses  of  light,  con- 
spicuously visible  to  the  naked  eye,  in  the  southern  hemisphere, 
in  the  appearance  and  brightness  of  their  light  not  unlike  portions 
of  the  Milky  Way  of  the  same  apparent  size.  They  are,  generally 
speaking,  round,  or  somewhat  oval,  and  the  larger,  which  deviates 
most  from  the  circular  form,  exhibits  the  appearance  of  an  axis  of 
light,  very  ill  defined,  and  by  no  means  strongly  distinguished 
from  the  genefral  mass,  which  seems  to  open  out  at  its  extremities 
into  somewhat  oval  sweeps,  constituting  the  preceding  and  follow- 
ing portions  of  its  circumference.  A  small  patch,  visibly  brig&ter 
than  the  general  light  around,  m  its  following  part,  indicates  to 
the  naked  eye  the  situation  of  a  very  remarkable  nebula  (No.  30, 
Doradiis  of  Bode's  catalogue),  of  which  more  hereafter.  The 
greater  nubecula  is  situated  between  the  meridians  of  4^  40™  and 
6^^  0°*  and  the  parallels  of  156^  and  162°  of  N.  P.  D.,  and  occu- 
pies  an  area  of  about  42  square  degrees.  The  lesser,  between  the 
meridians*  0^  28«**  and  I*'  15"  and  the  paralleb  of  162°  and  165° 
N.  P.  D.,  covers  about  ten  square  degrees.  Their  degree  o^ 
brightness  may  be  judged  of  from  the  eflect  of  strong  moonlight, 
which  totally  obliterates  the  lesser,  but  not  quite  the  greater. 

(893.)  When  examined  through  powerful  telescopes,  the  con- 
stitution of  the  nubeculae,  and  especially  of  the  nubecula  major,  is 
found  to  be  of  astonishing  complexity.  The  general  ground  of 
both  consists  of  large  tracts  and  patches  of  nebulosity  in  every 
stage  of  resolution,  from  light,  irresolvable  with  18  inches  of  re* 
fleeting  aperture,  up  to  perfectly  separated  stars  like  the  Milky 
Way,  and  clustering  groups  sufficiently  insulated  and  condensed 
to  come  under  the  designation  of  irregular,  and  in  some  cases 
pretty  rich  clusters.  But  besides  those,  there  are  also  nebulae  in 
abundance,  both  regular  and  irregular ;  globular  clusters  in  every 
state  of  condensation  ;  and  objects  of  a  nebulous  character  quite 
peculiar,  and  which  have  no  analogue  in  any  other  region  of  the 
heavens.     Such  is  the  concentration  of  these  objects,  that  in  the 

*  It  is  laid  down  nearly  an  hour  wrong  in  all  the  celeatial  charts  and  globes. 
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area  occupied  by  the  nubecula  major,  not  fewer  than  278  nebuls 
and  clusters  have  been  enumeratedi  besides  50  or  60  oatliere, 
which  (considering  the  general  barrenness  in  such  objects  of  the 
immediate  neighbourhood)  ought  certainly  to  be  reckoned  as  its 
appendages,  being  about  6^  per  square  degree,  which  very  far 
exceeds  the  average  of  any  other,  even  the  most  crowded  parts  of 
the  nebulous  heavens.    In  the  nubecula  minor,  the  concentration 
of  such  objects  is  less,  though  still  very  striking,  37  having  been 
observed  within  its  area,  and  6  adjacent,  but  outlying.    The  nabe- 
cuIsB,  then,  combine,  each  within  its  own  area,  characters  which 
in  the  rest  of  the  heavens  are  no  less  strikingly  separated, — viz., 
those  of  the  galactic  and  the  nebular  system.     Globular  clusters 
(except  in  one  region  of  small  extent)  and  nebulx  of  regular  elliptic 
forms  are  comparatively  rare  in  the  Milky  Way,  and  are  found 
congregated  in  the  greatest  abundance  in  a  part  of  the  heavens, 
the  mqst  remote  possible  from  that  circle ;  whereas,  in  the  nube- 
culae,  they  are  indiscriminately  mixed  With  the  general  starry 
ground,  and  with  irregular  though  small  nebulae. 

(894.)  This  combination  of  characters,  rightly  considered,  is  in 
a  high  degree  instructive,  affording  an  insight  into  the  probable 
comparative  distance  of  stars  and  nAuUe^  and  the  real  brightness 
of  individual  stars  as  compared  one  with  another.  Taking  the 
apparent  semidiameter  of  the  nubecula  major  at  3^,  and  regarding 
its  solid  form  as,  roughly  speaking,  spherical,  its  nearest  and  most 
remote  parts  differ  in  their  distance  from  us  by  a  little  more  than 
a  tenth  part  of  our  distance  from  its  centre.  The  brightness  of 
objects  situated  in  its  nearer  portions,  therefore,  cannot  be  much 
exaggerated, '  nor  that  of  its  remoter  much  enfeebled,  by  their 
difference  of  distance ;  yet  within  this  globular  space,  we  have 
collected  upwards  of  600  stars  of  the  7th,  8th,  9th,  and  lOih 
magnitudes,  nearly  300  nebulae,  and  globular  and  other  clusters, 
of  all  degi'ees  of  resolubiUtify  and  smaller  scattered  stars  innumera- 
ble of  every  inferior  magnitude,  from  the  10th  to  such  as  by  their 
multitude  and  minuteness  constitute  irresolvable  nebulosity,  ex- 
tending over  tracts  of  many  square  degrees.  Were  there  but  one 
such  object,  it  might  be  maintained  without  utter  improbability 
that  its  apparent  sphericity  is  only  an  effect  of  foreshortening,  and 
that  in  reality  a  much  greater  proportional  difference  of  distance 
between  its  nearer  and  more  remote  parts  exists.    Bat  such  an 
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adjustment,  improbable  enoogh  in  one  case,  most  be  rejected  as 
too  much  so  for  fair  argument  in  two.  It  must,  therefore,  be 
taken  as  a  demonstrated  fact,  that  stars  of  the  7th  or  8th  magni* 
tude  and  irresolvable  nebula  may  co-exist  within  limits  of  distance 
not  diflfering  in  propohion  more  than  as  9  to  10,  a  conclusion 
which  must  inspire  some  degree  of  caution  in  admitting,  €U  certain^ 
many  of  the  consequences  which  have  been  rather  strongly  dwelt 
upon  in  the  foregoing  pages* 

(895.)  Immediately  preceding  the  centre  of  the  nubecula  minor, 
and  undoubtedly  belonging  to  the  same  group,  occurs  the  superb 
globular  cluster.  No.  47,  Toucani  of  Bode,  very  visible  to  the 
naked  eye,  and  one  of  the  finest  objects  of  this  kind  in  the  hea- 
vens. It  consists  of  a  very  condensed  spherical  mass  of  stars,  of 
a  pale  ron  colour j  concentrically  enclosed  in  a  much  less  con* 
densed  globe  of  white  ones,  15'  or  2(y  in  diameter.  This  is  the 
first  in  order  of  the  list  of  such  clusters  in  art.  867. 

(896.)  Within  the  nubecula  major,  as  already  mentioned,  and 
faintly  visible  to  the  naked  eye,  is  the  singular  nebula  (marked  as 
the  star  30  Dorad^ls  in  Bode's  Catalogue)  noticed  by  Lacaille  as 
resembling  the  nucleus  of  a  small  comet.  It  occupies  about  one- 
500th  part  of  the  whole  area  of  the  nubecula,  and  is  so  satisfacto- 
rily represented  in  plate  V.,  fig.  1,  as  to  render  further  description 
superfluous. 

(897.)  We  shall  conclude  this  chapter  by  the  mention  of  two 
phenomena,  which  seem  to  indicate  the  existence  of  some  slight 
degree  of  nebulosity  about  the  sun  itself,  and  even  to  place  it  in 
the  list  of  nebulous  stars.  The  first  is  that  called  a  zodiacal  light, 
which  maybe  seen  any  very  clear  evening  soon  aft^  sunset,  about 
the  months  of  March,  April,  an4  May,  or  at  the  opposite  seasons 
before  sunrise,  as  a  cone  or  lenticularly-shaped  light,  extending 
from  the  horizon  obliquely  upwards,  and  following  generally  the 
course  of  the  ecliptic,  or  rather  that  of  the  sun's  equator.  The 
apparent  angular  distance  of  its  vertex  from  the  sun  varies,  accord- 
ing to  circumstances,  from  40^  to  90^,  and  the  breadth  of  its  base 
perpendicular  to  its  axis  from  8^  to  30^.  It  is  extremely  faint  and 
ill  defined,  at  least  in  this  climate,  though  better  seen  in  tropical 
regions,  but  cannot  be  mistaken  for  any  atmospheric  meteor  or 
aurora  borealis.    It  is  manifestly  in  the  nature  of  a  lenticularly- 

37 
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formed  envelope,  surrouDding  the  sun,  and  extending  beyond  the 
orbits  of  Mercury  and  Venus,  and  nearly,  perhaps  quite,  attaining 
that  of  the  earth,  since  its  vertex  has  been  seen  fully  90^  frooi  the 
sun's  place  in  a  great  circle.    It  may  be  conjectured  to  be  no 
other  than  the  denser  part  of  that  medium,  which,  we  have  some 
reason  to  believe,  resists  the  motion  of  comets ;  loaded,  perhaps, 
with  the  actual  materials  of  the  tails  of  miUions  of  those  bodies,  of 
which  they  have  been  stripped  in  their  successive  perihelion  pas- 
sages (art.  566).     An  atmosphere  of  the  sun,  in  any  proper  sense 
of  the  word,  it  cannot  be,  since  the  existence  of  a  gaseous  envelope 
propagating  pressure  from  part  to  part;  subject  to  mutual  friction 
in  its  strata,  and  therefore  rotating  in  the  same  or  nearly  the  same 
time  with  the  central  body ;  and  of  such  dimensions  and  ellipticity, 
is  utterly  incompatible  with  dynamical  laws.     If  it$  particles  have 
inertia,  they  must  necessarily  stand  with  respect  to  the  sun  in  the 
relation  of  separate  and  independent  minute  planets,  each  having 
its  own  orbit,  plane  of  motion,  and  periodic  time.     The  total  mass 
being  almost  nothing  compared  to  that  of  the  sun,  mutual  pertuT" 
balion  is  out  of  the  question,  though  collisions  among  such  as  may 
cross  each  other's  paths  may  operate  in  the  course  of  indefinite 
ages  to  effect  a  subsidence  of  at  least  some  portion  of  it  into  the 
body  of  the  sun  or  those  of  the  planets. 

(898.)  Nothing  prevents  that  these  particles,  or  some  among 
them,  may  have  some  tangible  size,  and  be  at  very  great  distances 
from  each  other.  Compared  with  planets  visible  in  our  most 
powerful  telescopes,  rocks  and  stony  masses  of  great  size  and 
weight  would  be  but  as  the  impalpable  dust  which  a  sunbeam 
renders  visible^s  a  sheet  of  light  when  streaming  through  a  narrow 
chink  into  a  dark  chamber.  It  ij  a  fact,  established  by  the  most 
indisputable  evidence,  that  stony  masses  and  lumps  of  iron  do  occa- 
sionally, and  indeed  by  no  means  unfrequently,  fall  upon  the  earth 
from  the  higher  regions  of  our  atmosphere  (where  it  is  obviously 
impossible  they  can  have  been  generated),  and  that  they  have  done 
so  from  the  earliest  times  of  history.  Four  instances  are  recorded 
of  persons  being  killed  by  their  fall.  A  block  of  stone  fell  at 
JEgos  Potamos,  b.  c.  465,  as  large  as  two  mill-stones ;  another  at 
Narni,  in  921,  projected,  like  a  rock,  four  feet  above  the  surface 
of  the  river,  into  which  it  was  seen  to  fall.     The  emperor  Jehan- 
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gire  had  a  sword  forged  from  a  mass  of  meteoric  iron  which  fell, 
in  1620,  at  Jahlinder,  in  the  Punjab.*  Sixteen  instances  of  the 
fall  of  stones  in  the  British  Isles  are  weU  authenticated  to  have 
occurred  since  1620,  one  of  them  in  London.  In  1803,  on  the 
26th  of  April,  thousands  of  stones  were  scattered  by  the  explosion 
into  fragments  of  a  large  fiery  globe  over  a  region  of  twenty  or 
thirty  square  miles  around  the  town  of  L' Aigle,  in  Normandy.  The 
fact  occurred  at  mid-day,  and  the  circumstances  were  officially 
verified  by  a  commission  of  the  French  government,  f  These, 
and  innumerable  other  instances,^  fully  establish  the  general  fact ; 
and  after  vain  attempts  to  account  for  it  by  volcanic  projection, 
either  from  the  earth  or  the  moon,  the  planetary  nature  of  these 
bodies  seems  at  length  to  be  almost  generally  admitted.  The  heat 
which  they  possess  when  fallen,  the  igneous  phenomena  which 
accompany  them,  their  explosion  on  arriving  within  the  denser 
regions  of  our  atmosphere,  &c.,  are  all  sufficieAtly  accounted  for 
on  physical  principles,  by  the  condensation  of  the  dir  before  them 
in  consequence  of  their  enormous  velocity,  and  by  the  relations  of 
air  in  a  highly  attenuated  state  to  heat.§ 

(899.)  Besides  stony  and  metallic  masses,  however,  it  is  proba- 
ble that  bodies  of  very  different  natures,  or  at  least  states  of  aggre- 
gation, are  thus  circulating  round  the  sun.  Shooting  stars,  often 
followed  by  long  trains  of  light,  and  those  great  fiery  globes,  of 
more  rare,  but  not  very  uncommon  occurrence,  which  are  seen 
traversing  the  upper  regions  of  our  atmosphere,  sometimes  leaving 
trains  behind  them  remaining  for  many  minutes,  sometimes  burst- 
ing with  a  loud  explosion,  sometimes  becoming  quietly  extinct, 
may  not  unreasonably  be  presumed  to  be  bodies  extraneous  to  our 
planet,  which  only  become  visible  when  in  the  act  of  grazing  the 
confines  of  our  atmosphere.  Among  the  last  mentioned  meteors 
are  some  which  can  hardly  be  supposed  solid  masses.  The  re- 
markable meteor  of  Aug.  18, 1783,  traversed  the  whole  of  Europe, 
from  Shetland  to  Rome,  with  a  velocity  of  about  30  miles  per 

« 

*  See  the  emperor's  own  Tezy  remtrkable  acoount  of  the  occnrreDce,  tnnilated 
in  Phil.  Trans.  1793,  p.  202. 

t  See  M.  Blot's  report  in  M^m.  de  Ilnstitat  1806. 
See  a  list  of  upwards  of  200,  published  by  Chladni,  Annales  du  Bureau  des 
Longitudes  de  France,  1826. 

$  Edinburgh  ReTiew,  Jan.  1848,  p.  195.  It  is  very  remarkable  that  no  new 
chemical  element  has  been  detected  in  any  of  the  numerous  meteorolites  which 
have  been  suljected  to  analyas. 
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second  I  at  a  height  of  about  60  miles  from  the  surface  of  the  earth, 
with  a  light  greatly  surpassing  that  of  the  full  moon,  aod  a  real 
diameter  of  fuUy  half  a  mil6.  Yet  with  these  Tast  dimensioDS,  it 
changed  its  form  visibly,  and  at  length  quietly  separated  into  several 
distinct  bodies,  accompanying  each  other  in  parallel  courses,  and 
each  followed  by  a  tail  or  train. 

(900.)  There  are  circumstances  in  the  history  of  shooting  stars, 
which  very  strongly  corroborate  the  idea  of  their  extraneous  or 
cosmical  origin,  and  their  circulation  round  the  sun  in  definite 
orbits.    On  several  occasions  they  have  been  observed  to  appear 
in  unusual,  and,  indeed,  astonishing  numbers,  so  as  to  convey  the 
idea  of  a  shower  of  rockets,  or  of  snow-flakes  falling,  and  brilliantl j 
illuminating  the  whole  heavens  for  hours  together,  and  that  not  in 
one  locality,  but  over  whole  continents  and  oceans,  and  even  (in 
one  instance)  in  both  hemispheres.    Now  it  is  extremely  remark* 
able  that,  whenever  this  great  display  has  been  exhibited  (at  least 
in  modem  times),  it  has  uniformly  happened  on  the  night  between 
the  12th  and  13th,  or  on  that  between  the   13th  and  14th  of 
November.     Such  cases  occurred  in  1799, 1823, 1832, 1833,  and 
1834.    On  tracing  back  the  records  of  similar  phenomena,  it  has 
been  ascertained,  moreover,  that  more  often  those  identical  nights, 
but  sometimes  those  immediately  adjacent,  have  been,  time  out  of 
mind,  habitually  signalized  by  such  exhibitions.  Another  annually 
recurring  epoch,  in  which,  though  far  less  brilliant,  the  display  of 
meteors  is  more  certain  (for  that  of  November  is  often  interrupted 
for  a  great  many  years),  is  that  of  the  10th  of  August,  on  which 
night,  and  on  the  9th  and  11th,  numerous,  large,  and  bright  shoot- 
ing stars,  with  trains,  are  almost  sure  to  be  seen.     Other  epochs  of 
periodic  recurrence,  less  marked  than  the  above,  have  also  been  to 
a  certain  extent  established. 

(901.)  It  is  impossible  to  attribute  such  a  recurrence  of  identi- 
cal  dates  of  very  remarkable  phenomena  to  accident.  Annual 
periodicity,  irrespective  of  geographical  position,  refers  us  at  once 
to  the  place  occupied  by  the  earth  in  its  annual  orbit,*  and  leads 
direct  to  the  conclusion  that  at  that  place  the  earth  incurs  a  liability 
to  frequent  encounters  or  concurrences  with  a  stream  of  meteors  in 
their  progress  of  circulation  round  the  sun.  Let  us  test  this  idea 
by  pursuing  it  into  some  of  its  consequences.  In  the  first  place 
then,  supposing  the  earth  to  plunge,  in  its  yearly  circuit,  into  a 


PBBIOBIO  APPSARANCB  07  UREORS.  581 

UDiforiD  ring  of  innumerable  smallv  meteor-planets,  of  such  breadth 
as  would  be  traversed  by  it  in  one  or  two  days ;  since  during  this 
small  time  the  motions,  whether  of  the  earth  or  of  each  indiridual 
meteor,  may  be  taken  as  uniform  and  rectilinear,  and  those  of  all 
the  latter  (at  the  place  and  time)  parallel,  or  very  nearly  so,  it  will 
follow  that  the  relative  motion  of  the  meteors  referred  to  the  earth 
as  at  rest,  will  be  also  uniform,  rectilinear,  and  parallel.  Viewed, 
therefore,  from  the  centre  of  the  earth  (or  from  any  point  in  its 
circumference,  if  we  neglect  the  diurnal  velocity  as  very  small 
compared  with  the  annual)  they  will  all  appear  to  diverge  from  a 
common  point,  jSareJ  in  relation  to  the  celestial  sphere y  as  if  emanat« 
ing  from  a  sidereal  apex  (art.  115). 

(902.)  Now  this  is  precisely  what  actually  happens.  The  meteors 
of  the  12th — 14th  of  November,  or  at  least  the  vast  majority  of 
them,  describe  apparently  arcs  of  great  circles,  passing  through  or 
near  >  Leonis.  No  matter  what  the  situation  of  that  star  with 
respect  to  the  horizon  or  to  its  east  and  west  points  may  be  at  the 
time  of  observation,  the  paths  of  the  meteors  all  appear  to  diverge 
from  that  star.  On  the  9th^llth  of  August  the  geometrical  fact 
is  the  same,  the  apex  only  difiering ;  B  Camelopardali  being  for 
that  epoch  the  point  of  divergence.  As  we  need  not  suppose  the 
meteoric  ring  coincident  in  its  plane  with  the  ecliptic,  and  as  for  a 
ring  of  meteors  we  may  substitute  an  elliptic  annulus  of  any  rea- 
sonable  ezcentricity,  so  that  both  the  velocity  and  direction  of 
each  meteor  may  differ  to  any  extent  from  the  earth's,  there  is 
nothing  in  the  great  and  obvious  difference  m  latitude  of  these 
apices  at  all  militating  against  the  conclusion. 

(903.)  If  the  meteors  be  uniformly  distributed  in  such  a  ring  or 
elliptic  annulus,  the  earth*s  encounter  with  them  in  every  revolution 
will  be  certain  if  it  occur  once.  But  if  the  ring  be  broken,  if  it 
be  a  succession  of  groupes  revoking  in  au  ellipse  in  a  period  not 
identical  with  that  of  the  earth,  years  may  pass  without  a  rencontre ; 
and  when  such  happen,  they  may  differ  to  any  extent  in  their 
intensity  of  character,  according  as  richer  or  poorer  groupes  have 
been  encountered. 

(904.)  No  other  plausible  explanation  of  these  highly  character- 
istic features  (the  annual  periodicity,  and  divergence  from  a  common 
apex,  always  alike  for  each  respective  g^ocA)  has  been  even  attempt** 
ed,  and  accordingly  the   opinion  is  generally  gaining  ground 
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among  astronomers  that  shooting  stars  belong  to  their  department 
of  science,  and  great  interest  is  excited  in  their  observation  and 
the  further  development  of  their  laws.  The  most  connected  and 
systematic  series  of  observations  of  them,  having  for  their  object 
to  trace  out  their  relative  paths  with  respect  to  the  earth,  are  those 
of  Benzenberg  and  Brandes,  who,  by  noting  the  instants  and 
apparent  places  of  appearance  and  extinction,  as  well  as  the  pre- 
cise apparent  paths  among  the  stars,  of  individual  meteors,  from 
the  extremities  of  a  measured  base  line  nearly  50,000  feet  in 
length,  were  led  to  conclude  that  their  heights  at  the  instant  of 
their  appearance  and  disappearance  vary  from  16  miles  to  140,  and 
their  relative  velocities  from  18  to  36  miles  per  second,  velocities 
so  great  as  clearly  to  indicate  an  independent  planetary  circulation 
round  the  sun. 

(905.)  It  is  by  no  means,  however,  inconceivable  that  the  earth 
approaching  to  such  as  differ  but  little  from  it  in  direction  and 
velocity,  may  have  attached  many  of  them  to  it  as  permanent  satel- 
lites, and  of  these  there  may  be  some  so  large,  and  of  such  tex- 
ture and  solidity,  as  to  shine  by  reflected  li^t,  and  become  visible 
(such,  at  least,  as  are  very  near  the  earth)  for  a  brief  moment,  suf- 
fering extinction  by  plunging  into  the  earth's  shadow ;  in  other 
words,  undergoing  total  eclipse.  Sir  John  Lubbock  is  of  opinion 
that  such  is  the  case,  and  has  given  geometrical  formulae  for  cal- 
culating their  distances  from  observations  of  this  nature.*  Tlie 
observations  of  M.  Petit,  director  of  the  observatory  of  Toulouse, 
would  lead  us  to  believe  in  the  existence  of  at  least  one  such  body, 
revolving  round  the  earth,  as  a  satellite,  in  about  3  hours  20 
minutes,  and  therefore  at  a  distance  equal  to  2<513  radii  of  the 
earth  from  its  centre,  or  5000  miles  above  its  surface.f 

*  Phil.  Mag.,  Load.  Ed.  Dub.  1848,  p.  80. 

t  Comtes  RenduB,  Oct.  12,  1846,  and  Aug.  9,  1847. 
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CHAPTER  XVIII. 

NATURAL  UNITS   OF  TIME.  —  RELATION   OF   THE  SIDEREAL  TO  THE 
SOLAR    DAY  AFFECTED  BY  PRECESSION. — INCOMMENSURABILITY 

OF     THE     DAY    AND     YEAR. ITS     INCONVENIENCE. HOW    OB- 

TIATED.  —  THE     JULIAN     CALENDAR.  —  IRREGULARITIES     AT    ITS 

FIRST  INTRODUCTION. REFORMED   BY  AUGUSTUS.  —  GREGORIAN 

REFORMATION.  — SOLAR     AND     LUNAR     CYCLES.  —  INDICTION. — 

JULIAN     PERIOD. TABLE     OF     CHRONOLOGICAL     ERAS. RULES 

FOR  CALCULATING   THE   DAYS   ELAPSED   BETWEEN   GIVEN  DATES. 
—  EQUINOCTIAL   TIME. 

(906.)  Time,  like  distance,  may  be  measured  by  comparison 
with  standards  of  any  length,  and  all  that  is  requisite  for  ascer- 
taining correctly  the  length  of  any  interval,  is  to  be  able  to  apply 
the  standard  to  the  interval  throughout  its  whole  extent,  without 
overlapping  on  the  one  hand,  or  leaving  unmeasured  vacancies  on 
the  other ;  to  determine,  without  the  possible  error  of  a  unit,  the 
number  of  integer  standards  which  the  interval  admits  of  being 
interposed  between  its  beginning  and  end ;  and  to  estimate  pre- 
cisely the  fraction,  over  and  above  an  integer,  which  remains  when 
all  the  possible  integers  are  subtracted. 

(907.)  But  though  all  standard  units  of  time  are  equally  possi- 
ble, theoretically  speaking,  yet  all  are  not,  practically,  equally 
convenient.  The  solar  day  is  a  natural  interval  which  the  wants 
and  occupations  of  man  in  every  state  of  society  force  upon  him, 
and  compel  him  to  adopt  as  his  fundamental  unit  of  time.    Its 
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length  as  estimated  from  the  departure  of  the  sun  from  a  given 
meridian,  and  its  next  return  to  the  same,  is  subject,  it  is  true,  to 
an  annual  fluctuation  in  excess  and  defect  of  its  mean  valae, 
amounting  at  its  maximum  to  full  half  a  minute.  But  except  for 
astronomical  purposes,  this  is  too  small  a  change  to  interfere  in  the 
slightest  degree  with  its  use,  or  to  attract  any  attention,  and  the 
tacit  substitution  of  its  mean  for  its  true  (or  variable)  value  may 
be  considered  as  having  been  made  from  the  earliest  ages,  by  the 
ignorance  of  mankind  that  any  such  fluctuation  existed. 

(908.)  The  time  occupied  by  one  complete  rotation  of  the  earth 
on  its  axis,  or  the  mean*  sidereal  day,  may  be  shown  on  dynamical 
principles,  to  be  subject  to  no  variation  from  any  external  cause, 
and  although  its  duration  would  be  shortened  by  contraction  in 
the  dimensions  of  the  globe  itself,  such  as  might  arise  from  the 
gradual  escape  of  its  internal  heat,  and  consequent  refrigeration 
and  shrinking  of  the  whole  mass,  yet  theory,  on  the  one  hand, 
has  rendered  it  almost  certain  that  this  cause  cannot  have  effected 
any  perceptible  amount  of  change  during  the  history  of  the  human 
race ;  and,  on  the  other,  the  comparison  of  ancient  and  modern 
observation  affords  every  corroboration  to  this  conclusion.    From 
such  comparisons,  Laplace  has  concludied  that  the  sidereal  day 
has  not  changed  by  so  much  as  one  hundredth  of  a  second  since 
the  time  of  Hipparchus.    The  mean  sidereal  day  therefore  pos* 
sesses  in  perfection  the  essential  quality  of  a  standard  unit,  that  of 
complete  invariabiUiy.    The  same  is  true  of  the  mean  sidereal 
year,  if  estimated  upon  an  average  sufficiently  large  to  compensate 
the  minute  fluctuations  arising  from  the  periodical  variations  of  the 
major  axis  of  the  earth's  orbit  due  to  planetary  perturbation  (art. 
668). 

(909.)  The  mean  solar  day  is  an  immediate  derivative  of  the 
sidereal  day  and  year,  being  connected  with  them  by  the  same 
relation  which  determines  the  synodic  from  the  sidereal  revolo* 
tiona  of  any  two  planets  or  other  revolving  bodies  (art.  418). 
The  exact  determination  of  the  ratio  of  the  sidereal  to  the  solar 
day,  which  is  a  point  of  the  utmost  importance  in  astronomy,  is 
however,  in  some  degree,  complicated  by  the  effect  of  precession, 

*  The  trae  sidereal  day  is  Tariable  by  the  effect  of  nutation ;  but  the  variation 
(an  ezcesfeively  minute  fraction  of  the  whole]  compensates  itself  in  a  revolution  of 
the  moon's  nodes. 
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which  renders  it  necessary  to  distinguish  between  the  absolute 
time  of  the  earth's  rotation  on  its  axis,  (the  real  natural  and  inva- 
riable standard  of  comparison,)  and  the  mean  interval  between  two 
SQoeessive  returns  of  a  given  star  to  the  same  meridian,  or  rather 
of  a  given  meridian  to  the  same  star,  which  not  only  differs  by  a 
minute  quantity  from  the  sidereal  day,  but  is  actually  not  the  same 
for  all  stars.  As  this  is  a  point  to  which  a  little  difficulty  of  con- 
ception is  apt  to  attach,  it  will  be  necessary  to  explain  it  in  some 
detail.  Suppose  then  h  the  pole  of  the  ecliptic,  and  P  that  of  the 
equinoctial,  A  B  C  D  the  solstitial  and  equinoctial  colures  at  any 
given  epoch,  and  P  p  jf  r  the  small  circle  described  by  P  about  h  in 
one  revolution  of  the  equinoxes,  t.  €.  in  26870  years,  or  9448300 
solar  days,  all  projected  on  the  plane  of  the  ecliptic  A  B  C  D.  Let 
S  be  a  star  anywhere  situated  on  the  ecFiptic,  or  between  it  and  the 
small  circle  Vqr.     Then  if  the  pole  P  were  at  rest,  a  meridian  of 


the  earth  setting  out  from  P  S  C,  and  revolving  in  the  direction 
C  D,  will  come  again  to  the  star  after  the  exact  lapse  of  one  sidereal 
day,  or  one  rotation  of  the  earth  on  its  axis.  But  P  is  not  at  rest* 
After  the  lapse  of  one  such  day  it  will  have  come  into  the  situa- 
tion (suppose)  p,  the  vernal  equinox  B  having  retreated  to  6,  and 
the  colure  P  C  having  taken  up  the  new  position  p  c.  Now  a 
conical  movement  impressed  on  the  axis  of  rotation  of  a  globe 
already  rotating  is  equivalent  to  a  rotation  impressed  on  the  whole 
globe  round  the  axis  of  the  cone,  in  addition  to  that  which  the 
globe  has  and  retains  round  its  own  independent  axis  of  revolu- 
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lion.  Such  a  new  rotation,  in  transferring  P  to  p,  being  perfornaed 
round  an  axis  passing  through  ft^  will  not  alter  the  situation  of  that 
point  of  the  globe  which  has  ft  in  its  zenith.  Hence  it  follows  that 
pttc  passing  through  ft  will  be  the  position  taken  up  by  the  meri- 
dian P  ^  C  after  the  lapse  of  an  exact  sidereal  day.  But  this  does 
not  pass  through  S,  but  falls  short  of  it  by  the  hour-angle  ^pSy 
which  is  yet  to  be  described  before  the  meridian  comes  up  to  the 
star.  The  meridian,  then,  has  lost  so  much  on,  or  lagged  so  much 
behind,  the  star  in  the  lapse  of  that  interval.  Tlie  same  is  true 
whatever  be  the  arc  P  p.  After  the  lapse  of  any  number  of  days, 
the  pole  being  transferred  to  p,  the  spherical  angle  ft  pS  will  mea- 
sure the  total  hour  angle  which  the  meridian  has  lost  on  the  star. 
Now  where  S  lies  any  where  between  C  and  r,  this  angle  con- 
tinually increases  (though  not  uniformly),  attaining  180^  when  p 
comes  to  r,  and  still  (as  will  appear  by  following  out  the  move- 
ment beyond  r)  increasing  thence  till  it  attains  360^  when  p  has 
completed  its  circuit.  Thus  in  a  whole  revolution  of  the  equi- 
noxes, the  meridian  will  have  lost  one  exact  revolution  upon  the 
.  star,  or  in  9448300  sidereal  days,  will  have  re-attained  the  star 
only  9448299  times :  in  other  Words,  the  length  of  the  day  mea- 
sured by  the  mean  of  the  successive  arrivals  of  any  star  outside 
of  the  circle  P  pqr  on  one  and  the  same  meridian  is  to  the  abso- 
lute time  of  rotation  of  the  earth  on  its  axis  as  9448300  :  9448299, 
or  as  100000011  to  1. 

(910.)  It  is  otherwise  of  a  star  situated  mtkin  this  circle,  as  at  <f. 
For  such  a  star  the  angle  ftp(s,  expressing  the  lagging  of  the 
meridian,  increases  to  a  maximum  for  some  situation  of  jp  between 
q  and  r,  and  decreases  again  to  o  at  r ;  after  which  it  takes  an 
opposite  direction,  and  the  meridian  begins  to  get  in  advance  of 
the  star,  and  continues  to  get  more  and  more  so,  till  p  has  attained 
some  point  between  s  and  P,  where  the  advance  is  a  maximum, 
and  thence  decreases  again  to  o  when  p  has  completed  its  circuit. 
For  any  star  so  situated,  then,  the  mean  of  all  the  days  so  esti- 
mated through  a  whole  period  of  the  equinoxes  is  an  absolute 
*  sidereal  day,  as  if  precession  had  no  existence. 

(911.)  If  we  compare  the  sun  with  a  star  situated  in  the  ecliptic, 
the  sidereal  year  is'the  mean  of  all  the  intervals  of  its  anival  at 
that  star  throughout  indefinite  ages,  or  (without  fear  of  sensible 
error)  throughout  recorded  history.    Now,  if  we  would  calculate 
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the  isynodic  sidereal  revolution  of  the  sun  and  of  a  meridian  of  tbe 
earth  by  r^erence  to  a  star  so  situated^  according  to  the  principles 
of  art.  418,  we  must  proceed  as  follows :  Let  D  be  the  length  of 
the  mean  solar  day  (or  synodic  day  in  question)  d  the  mean  sidereal 
revolution  of  the  meridian  wUh  reference  to  the  same  star^  and  y  the 
sidereal  year.  Then  the  arcs  described  by  the  sun  and  the  meri- 
dian in  the  interval  D  will  be  respectively  360o  —  and  360°  — . 

y  a 

And  since  the  latter  of  these  exceeds  the  former  by  precisely  360°, 
we  have 

360o^360o^+360<'; 
d  y 

whence  it  follows  that 

5«i+H«l  00273780, 

taking  the  value  of  the  sidereal  year  y  as  given  in  art.  383,  viz. 
365^  6^  9™  9*6*.  But,  as  we  have  seen,  d  is  not  the  absolute 
sidereal  day^  but  exceeds  it  in  the  ratio  of  1*0000001 1 : 1.  Hence 
to  get  the  value  of  the  mean  solar  as  expressed  in  absolute  sidereal 
days,  the  number  above  set  down  must  be  increased  in  the  same 
ratio,  which  brings  it  to  1*00273791,  which  is  the  ratio  of  the 
solar  to  the  sidereal  day  actually  in  use  among  astronomers. 

(912.)  It  would  be  well  for  chronology  if  mankind  would,  or 
could  have  contented  themselves  with  this  one  invariable,  natural, 
and. convenient  standard  in  their  reckoning  of  time.  The  ancient 
Egyptians  did  so,  and  by  their  adoption  of  an  historical  and  official 
year  of  365  days  have  afforded  the  only  example  of  a  practical 
chronology,  free  from  all  obscurity  or  complication.  But  the  return 
of  the  seasons,  on  which  depend  all  the  more  important  arrange- 
ments and  business  of  cultivated  life,  is  not  conformable  to  such  a 
multiple  of  the  diurnal  unit.  Their  return  is  regulated  by  the 
tropical  year^  or  the  interval  between  two  successive  arrivals  of  the 
sun  at  the  vernal  equinox,  which,  as  we  have  seen  (art.  383), 
differs  from  the  sidereal  year  by  reason  of  the  motion  of  the  equi- 
noctial points.  Now  this  motion  is  not  absolutely  uniform,  because 
the  ecliptic,  upon  which  it  is  estimated,  is  gradually,  though  very 
slowly,  changing  its  situation  in  space  under  the  disturbbg  influ- 
ence of  the  planets  (art.  640).  And  thus  arises  a  variation  in  the 
tropical  year,  which  is  dependent  on  the  place  of  the  equinox 
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(art.  383).  The  tropkal  year  is  actually  about  4*21*  shorter  than 
it  was  in  the  time  of  Hipparchus.  This  absence  of  the  most 
essential  requisite  for  a  staodard,  viz.  invariabiiity,  renders  it 
necessary,  since  we  cannot  help  employing  the  tropical  year  in  our 
reckoning  of  time,  to  adopt  an  arbitrary  or  artificial  value  for  it,  so 
near  the  truth,  as  not  to  admit  of  the  accumulation  of  its  error  for 
several  centuries  producing  any  practical  mischief,  and  thus  satisfy- 
ing the  ordinary  wants  of  civil  life ;  while,  for  scientific  purposes, 
the  tropical  year,  so  adopted,  is  considered  only  as  the  representa- 
tive of  a  certain  number  of  integer  days  and  a  fraction — the  day 
being,  in  effect,  the  only  standard  employed.  The  case  is  nearly 
analogous  to  the  reckoning  of  value  by  guineas  and  shillings,  an 
artificial  relation  of  the  two  coins  being  fixed  by  law,  near  to,  but 
scarcely  ever  exactly  coincident  with,  the  natural  one,  determined 
by  the  relative  market  price  of  gold  and  silver,  of  which  either  the 
one  or  the  other — whichever  is  really  the  most  bvariable,  or  the 
most  in  use  with  other  nations, — may  be  assumed  as  the  true  theo- 
retical standard  of  value. 

(913.)  The  other  inconvenience  of  the  tropical  year  as  a  greater 
unit  is  its  incommensurability  with  the  lesser.  In  our  measure  of 
space  all  our  subdivisions  are  into  aliquot  parts :  a  yard  is  three 
feet,  a  mile  eight  furlongs,  &c.  But  a  year  is  no  exad  number  of 
days,  nor  an  integer  number  with  any  exact  fraction,  as  one  third 
or  one  fourth,  over  and  above ;  but  the  surplus  is  an  incommenm' 
rable  fraction,  composed  of  hours,  minutes,  seconds,  &c.,  which 
produces  the  same  kind  of  inconvenience  in  the  reckoning  of  time 
that  it  would  do  in  that  of  money,  if  we  had  gold  coins  of  the 
value  of  twenty-one  shillings,  with  odd  pence  and  farthings,  and 
a  fraction  of  a  farthing  over.  For  this,  however,  there  is  no 
remedy  but  to  keep  a  strict  register  of  the  surplus  fractions ;  and, 
when  they  amount  to  a  whole  day,  cast  them  over  into  the  integer 
account. 

(914.)  To  do  this  in  the  simplest  and  most  convenient  manner 
is  the  object  of  a  well-adjusted  calendar.  In  the  Gregorian 
calendar,  which  we  follow,  it  is  accomplished  with  as  much  sim- 
plicity and  neatness  as  the  case  admits,  by  carrying  a  little  farther 
than  is  done  above,  the  principle  of  an  assumed  or  artificial  year, 
and  adopting  ttoo  such  years,  both  consisting  of  an  exact  integer 
number  of  days,  viz.  one  of  365  and  the  other  of  366,  and  laying 
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down  a  simple  and  easily  remembered  rale  for  the  order  b  which 
these  years  shall  succeed  each  other  in  the  civil  reckoning  of  time, 
so  that  during  the  lapse  of  at  least  some  thousands  of  years  the 
sum  of  the  integer  artificial,  or  Gregorian,  years  elapsed  shall  not 
differ  from  the  same  number  of  real  tropical  years  by  a  whole  day. 
By  this  contrivance,  the  equinoxes  and  solstices  will  always  fall 
on  days  similarly  situated,  and  bearing  the  same  name  in  each 
Gregorian  year ;  and  the  seasons  will  for  ever  correspond  to  the 
same  months,  instead  of  running  the  round  of  the  whole  year,  as 
they  must  do  upon  any  other  system  of  reckoning,  and  used,  in 
fact,  to  do  before  this  was  adopted  as  a  matter  of  ignorant  hap* 
hazard  in  the  Greek  and  Roman  chronology,  and  of  strictly 
defined  and  superstitiously  rigorous  observance  in  the  Egyptian. 

(915.)  The  Gregorian  rule  is  as  follows: — The  years  are 
denominated  as  yecars  current  {not  as  years  elapsed)  from  the  mid* 
night  between  the  31st  of  December  and  the  1st  of  January 
immediately  subsequent  to  the  bhih  of  Christ,  according  to  the 
chronological  determination  of  that  event  by  Dionysius  Exiguus. 
Every  year  whose  number  is  not  divisible  by  4  without  remainder, 
consists  of  365  days  ;  every  year  which  is  so  divisible,  but  is  not 
divisible  by  lOO,  of  366  ;  every  year  divisible  by  100,  but  not  by 
400,  again  of  365 ;  and  every  year  divisible  by  400,  again  of  366. 
For  example,  the  year  1833,  not  being  divisible  by  4,  consists  of 
365  days ;  1836  of  366 ;  1800  and  1900  of  365  each ;  but  2000 
of  366.  In  order  to  see  how  near  this  rule  will  bring  us  to  the 
truth,  let  us  see  what  number  of  days  10000  Gregorian  years  will 
contain,  beginning  with  the  year  a*  d.  1.  Now,  in  10000,  the 
numbers  not  divisible  by  4  will  be  f  of  10000  or  7500 ;  those 
di viable  by  100,  but  not  by  400,  will  in  like  manner  be  |  of  100, 
or  75 ;  so  that,  in  the  10000  years  in  question,  7575  consist  of 
366,  and  the  remaining  2425  of  365,  producing  in  all  3652425 
days,  which  would  give  for  an  average  of  each  year,  one  with  an- 
other, 365*>.2425.  The  actual  value  of  the  tropical  year  (art.  383), 
reduced  into  a  decimal  firaction,  is  365*24224,  so  the  error  in  the 
Gregorian  rule  on  10000  of  the  present  tropical  years,  is  2*6,  or  2' 
]4h  24m.  that  is  to  say,  less  than  a  day  in  3000  years ;  which  is 
more  than  sufficient  for  all  human  purposes,  those  of  the  astronomer 
excepted,  who  is  in  no  danger  of  being  led  into  error  from  this 
cause.    Even  this  error  is  avoided  by  extending  the  wording  of 
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the  Gregorian  rule  one  step  farther  than  its  contrivers  probably 
thought  it  worth  while  to  go,  and  declaring  that  years  divisible 
by  4000  should  consist  of  365  days.  This  would  take  off  two 
integer  days  from  the  above  calculated  number,  and  2-5  from  a 
larger  average ;  making  the  sum  of  days  in  100000  Gregorian  years, 
36524225,  which  differs  only  by  a  single  day  from  100000  real 
tropical  years,  such  as  they  exist  at  present. 

(916.)  In  the  historical  dating  of  events  there  is  no  year  a.  d.  0. 
The  year  immediately  previous  to  a.  d.  1,  is  always  called  b.  c.  1. 
This  must  always  be  borne  in  mind  in  reckoning  chronological 
and  astronomical  intervals.  The  sum  of  the  nominal  years  b.  c. 
and  A.  D.  must  be  diminished  by  1.  Thus,  from  Jan.  1,  b.  c. 
4713,  to  Jan.  1, 1582,  the  years  elapsed  are  not  6295,  but  6294. 

(917.)  As  any  distance  along  a  high  road  might,  though  in  a 
rather  inconvenient  and  roundabout  way,  be  expressed  without 
introducing  error  by  setting  up  a  series  of  milestones,  at  intervals 
of  unequal  lengths,  so  that  eveiy  fourth  mile,  for  instance,  should 
be  a  yard  longer  than  the  rest,  or  according  to  any  other  fixed 
rule ;  taking  care  only  to  mark  the  stones  so  as  to  leave  room  for 
no  mistake,  and  to  advertise  all  travellers  of  the  difference  of 
lengths  and  their  order  of  succession  ;  so  may  any  interval  of  time 
be  expressed  correctly  by  stating  in  what  Gregorian  years  it  begins 
and  ends,  and  whereabouts  in  each.  For  this  statement  coupled 
with  the  declaratory  rule,  enables  us  to  say  how  many  integer 
years  are  to  be  reckoned  at  365,  and  how  many  at  366  days.  The 
latter  years  are  called  bissextiles,  or  leap-years,  and  the  surplus 
days  thus  thrown  into  the  reckoning  are  called  intercalary  or  leap^ 
days. 

(918.)  If  the  Gregorian  rule,  as  above  stated,  had  always  and 
in  all  countries  been  known  and  followed,  nothing  would  be  easier 
than  to  reckon  the  number  of  days  elapsed  between  the  present 
time,  and  any  historical  recorded  event.  But  this  is  not  the  case  ; 
and  the  history  of  the  calendar,  with  reference  to  chronology,  or 
to  the  calculation  of  ancient  observations,  'may  be  compared  to 
that  of  a  clock,  going  regularly  when  left  to  itself,  but  sometimes 
forgotten  to  be  wound  up;  and  when  wound,  sometimes  set  for- 
ward, sometimes  backward,  either  to  serve  particular  purposes 
and  private  interests,  or  to  rectify  blunders  in  setting.  Such,  at 
least,  appears  to  have  been  the  case  with  the  Roman  calendar,  in 
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which  our  own  originates,  from  the  time  of  Numa  to  that  of  Julius 
Caesar,  when  the  lunar  year  of  13  months,  or  355  days,  was  aug* 
mented  at  pleasure  to  correspond  to  the  solar,  by  which  the  seasons 
are  determined,  by  the  arbitrary  intercalations  of  the  priests,  and 
the  usurpations  of  the  decemvirs  and  other  magistrates,  till  the  con- 
fusion became  inextricable.  To  Julius  Csesar,  assisted  by  Sosi- 
genes,  an  eminent  Alexandrian  astronomer  and  mathematician, 
we  owe  the  neat  contrivance  of  the  two  years  of  365  and  366 
days,  and  the  insertion  of  one  bissextile  after  three  common  years. 
This  important  change  took  place  in  the  45th  year  before  Christ, 
which  he  ordered  to  commence  on  the  1st  of  January,  being  the 
day  of  ihe  new  moon  immediately  following  the  winter  solstice 
of  the  year  before.  We  may  judge  of  the  state  into  which  the 
reckoning  of  time  had  fallen,  by  the  fact,  that  to  introduce  the 
new  system  it  was  necessary  to  enact  that  the  previous  year,  46 
B.  c,  should  consist  of  445  days,  a  circumstance  which  obtained 
for  it  the  epithet  of  "  the  year  of  confusion." 

(919.)  Had  Caesar  lived  to  carry  out  into  practical  effect,  as 
Chief  Pontiff,  his  own  reformation,  an  inconvenience  would  have 
been  avoided,  which  at  the  very  outset  threw  the  whole  matter 
into  confusion.  The  words  of  his  edict,  establishing  the  Julian 
system  have  not  been  handed  down  to  us,  but  it  is  probable  that 
they  contained  some  expression  equivalent  to  "every  fourth  year," 
which  the  priests  misinterpreting  after  his  death  to  mean  (according 
to  the  sacerdotal  system  of  numeration)  as  courding  the  leap  year 
newly  elapsed  as  No.  1  of  the  four  ^  intercalated  every  third  instead 
of  every  4th  year.  This  erroneous  practice  continued  during  36 
years,  in  which  therefore  12  instead  of  9  days  were  intercalated, 
and  an  error  of  three  days  produced ;  to  rectify  which,  Augustus 
ordered  the  suspension  of  all  intercalation  during  three  complete 
quadrienniaj — thus  restoring,  as  may  be  presumed  his  intention  to 
have  been,  the  Julian  dates  for  the  future,  and  re-establishing  the 
Julian  system,  which  was  never  afterwards  vitiated  by  any  error, 
till  the  epoch  when  its  own  inherent  defects  gave  occasion  to  the 
Gregorian  reformation.  According  to  the  Augustan  reform  the 
years  a.  u.  c.  761,  765,  769,  &.C.,  which  we  now  call  a.  d.  8, 12, 
16,  &c.,  are  leap  years.  And  starting  from  this  as  a  certain  fact, 
(for  the  statements  of  the  transaction  by  classical  authors  are  not 
80  precise  as  to  leave  absolutely  no  doubt  as  to  the  previous  inter- 
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mediate  years,)  astronomers  and  chroQoIogists  have  agreed  to 
reckon  backwards  in  unbroken  succession  on  this  principle,  and 
thus  to  carry  the  Julian  chronology  into  past  time,  as  if  it  bad 
never  suffered  such  interruption,  and  asifii  were  certain  (which 
it  is  not,  though  we  concetre  the  babnce  of  probabilities  to  incline 
that  way*}  that  Caesar,  by  way  of  securing  the  intercalation  as  a 
matter  of  precedent,  made  his  initial  year  45  b.  c.  a  leap  year. 
Whenever,  therefore^  in  the  relation  of  any  event,  either  in  ancient 
history,  or  in  modem,  previous  to  the  change  of  style,  the  time  is 
specified  in  eur  modern  nomenclature,  it  is  always  to  be  under- 
stood as  having  been  identified  with  the  assigned  date  by  threading 
the  mazes  (oflen  very  tangled  and  obscure  ones)  of  special  and 
national  chronology,  and  referring  the  day  of  its  occurrence  to  its 
place  in  the  Julian  system  so  interpreted. 

(920.)  Different  nations  in  different  ages  of  the  world  iiave  of 
course  reckoned  their  time  in  different  ways,  and  from  diflerent 
epochs,  and  it  is  therefore  a  matter  of  great  convenience  that  astro- 
nomers and  chronologists  (as  they  have  agreed  on  the  uniform 
adoption  of  the  Julian  system  of  years  and  months)  should  also 
agree  on  an  epoch  antecedent  to  them  all,  to  which,  as  to  a  fixed 
point  in  time,  the  whole  list  of  chronological  eras  can  be  difier- 
entially  referred.  Such  an  epoch  is  the  noon  of  the  1st  of  Januaiy, 
B.  c.  4713,  which  is  called  the  epoch  of  the  Julian  period,  a  cycle 
of  7980  Julian  years,  to  understand  the  origin  of  which,  we  must 
explaip  that  of  three  subordinate  cycles,  firom  whose  combination 
it  takes  its  rise,  by  the  multiplication  together  of  the  numbers  of 
years  severally  contained  in  them,  viz: — ^the  Solar  and  Lunar 
cycles,  and  that  of  the  indictions. 

(921 .)  The  Solar  cycle  consists  of  28  Julian  years,  after  the 
lapse  of  which  the  same  days  of  the  week  on  the  Julian  system 
would  always  return  to  the  same  days  of  each  month  throughout 
the  year.  For  four  such  years  consisting  of  1461  days,  which  is 
not  a  multiple  of  7,  it  is  evident  that  the  least  number  of  years 

*  With  Sealiger,  Ideler,  and  all  the  best  authorities.  Yet  it  has  been  ngoei 
that  Cesar  wonJd  naturally  begin  his  first  qtuuMennvum  with  three  ordinary  yeaiSi 
deferring  the  rectification  of  their  accumulated  error  to  the  fourth,  by  inserting  ihert 
the  intercalary  day.  For  the  correction  of  Roman  dates  during  the  fifty4wo  years 
between  the  Julian  and  Augustan  reformations,  see  Ideler,  *«  Handbuch  der  Mathe- 
matischen  und  Technischen  Chronologie,''  which  we  take  for  our  guide  throughooC 
this  chapter. 
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which  will  fulfil  this  condition  must  be  seven  times  that  interval, 
or  28  years.  The  place  in  this  cycle  for  any  year  a.  d.,  as  1849, 
is  found  by  adding  9  to  the  year,  and  dividing  by  28.  The  re- 
mainder is  the  number  sought,  0  being  counted  as  28. 

(922.)  The  Lunar  cycle  consists  of  19  years  or  235  lunations, 
which  differ  from  19  Julian  years  of  365^  days  only  about  an  hour 
and  a  half,  so  that,  supposing  the  new  moon  to  happen  on  the  first 
of  January,  in  the  first  year  of  the  cycle,  it  will  happen  on  that 
day  (or  within  a  very  short  time  of  its  beginning  or  ending) 
again  after  a  lapse  of  19  years,  and  almost  certainly  on  that  day, 
and  within  an  hour  and  a  half  of  the  same  hour  of  the  day,  after 
the  lapse  of  four  such  cycles,  or  76  years ;  and  all  the  new  moons 
in  the  interval  will  run  on  the  same  days  of  the  month  as  in  the 
preceding  cycle.  This  period  of  19  years  is  sometimes  called  the 
Metonic  cycle,  from  its  discoverer  Meton,  an  Athenian  mathema- 
tician, a  discovery  duly  appreciated  by  his  countrymen,  as  ensuring 
the  correspondence  between  the  lunar  and  solar  years,  the  former 
of  which  was  followed  by  the  Greeks.  Public  honours  were 
decreed  to  him  for  this  discovery,  a  circumstance  very  expressive 
of  the  annoyance  which  a  lunar  year  of  necessity  inflicts  on  a 
civilized  people,  to  whom  a  regular  and  simple  calendar  is  one  of 
the  first  necessities  of  life.  The  cycle  of  76  years,  a  great  improve- 
ment on  the  Metonic  cycle,  was  first  proposed  by  Callippus,  and 
is  therefore  called  the  Callippic  cycle.  To  find  the  place  of  a 
given  year  in  the  lunar  cycle,  (or  as  it  is  called  the  Golden  Number,) 
add  1  to  the  number  of  the  year  a.  d.,  and  divide  by  19,  the 
remainder  (or  19  if  exactly  divisible,)  is  the  Golden  Number. 

(923.)  The  cycle  of  the  indictions  is  a  period  of  15  years  used 
in  the  courts  of  law  and  in  the  fiscal  organization  of  the  Roman 
empire,  under  Constantine  and  his  successors,  and  thence  introduced 
into  legal  dates,  as  the  Golden  Number,  serving  to  determine  Easter, 
was  into  ecclesiastical  ones.  To  find  the  place  of  a  year  in  the 
indiction  cycle,  add  3  and  divide  by  15.  The  remainder  (or  15 
if  0  remain)  is  the  number  of  the  indictional  year. 

(924.)  If  we  multiply  together  the  numbers  28,  19,  and  15,  we 
get  7980,  and,  therefore,  a  period  or  cycle  of  7980  years  will  bring 
round  the  years  of  the  three  cycles  dgain  in  the  same  order,  so  that 
each  year  shall  hold  the  same  place  in  all  the  three  cycles  as  the 
corresponding  year  in  the  foregoing  period.    As  none  of  the  three 

88 
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numbers  in  question  have  any  common  factor,  it  is  evident  that  no 
two  years  in  (he  same  compound  period  can  agree  in  all  the  three 
particulars :  so  that  to  specify  the  numbers  of  a  year  in  each  of 
these  cycles  is,  in  fact,  to  specify  the  year,  if  within  that  long  period ; 
which  embraces  the  entire  of  authentic  chronology.  The  period 
thus  arising  of  7980  Julian  years,  is  called  the  Julian  period,  and 
it  has  been  found  so  useful,  that  the  most  competent  authorities 
have  not  hesitated  to  declare  that,  through  its  employment,  light 
and  order  were  first  introduced  into  chronology/  We  owe  its 
invention  or  revival  to  Joseph  Scaliger,  who  is  said  to  have  received 
it  from  the  Greeks  of  Constantinople.  The  first  year  of  the  cur- 
rent Julian  period,  or  that  of  which  the  number  in  each  of  the 
three  subordinate  cycles  is  1,  was  the  year  4713  b.  c,  and  the 
noon  of  the  Ist  of  January  of  that  year,  for  the  meridian  of  Alex- 
andria, is  the  chronological  epoch,  to  which,  by  all  historical  eras, 
are  most  readily  and  intelligibly  refened,  by  computing  the  number 
of  integer  days,  intervening  between  that  epoch  and  the  noon  (for 
Alexandria)  of  the  day,  which  is  reckoned  to  be  the  first  of  the 
particular  era  in  question.  The  meridian  of  Alexandria  is  chosen 
as  that  to  which  Ptolemy  refers  the  commencement  of  the  era  of 
Nabonassar,  the  basis  of  all  his  calculations. 

(925.)  Given  the  year  of  the  Julian  period,  those  of  the  subordi- 
nate cycles  are  easily  determined  as  above.  Conversely,  given 
the  years  of  the  solar  and  lunar  cycles,  and  of  the  indiction,  to 
determine  the  year  of  the  Julian  period  proceed  as  follows: — 
Multiply  the  number  of  the  year  in  the  solar  cycle  by  4845,  in  the 
lunar  by  4200,  and  in  the  Cycle  of  the  Indictions  by  6916,  divide 
the  sum  of  the  products  by  7980,  and  the  remainder  is  the  year  of 
the  Julian  period  sought. 

(926.)  The  following  table  contains  these  intervals  for  some  of 
the  more  important  historical  eras  : — 

*  Ideler,  Handbach,  dec  toL  i.  p.  77. 
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Intervals  in  Days  between  the  Commencement  of  the  Julian  Periody 
and  that  of  some  other  remarkable  chronological  and  astr§nomir 
cal  Eras. 


bjr  wUch  thf»  Bim  is  Dnallf  diad. 


Julian£^odu, 

Julian  period  ------ 

Creation  of  the  world,  (Usher) 
Era  of  the  Delage  (AboolhaMan 
Kuschiar)    ------ 

Ditto  Vulgar  Computation     -       -       - 
Era  of  Abraham  (Sir  H.  NicholaK)  - 
Destniction  of  Troy,  (ditto)    -       -       - 
Dedication  of  Solomon's  Temple  - 
Olympiads  (mean  epoch  in  general  use) 
A  rBuildm^  of  Borne  (Varronian  epoch,  u.c ) 
I  Era  of  Nabonaasar  -       -       -       -       - 

Metonic  cycle  (Astronomical  epoch) 
Callippic  cycle    Do.    (Biot)  - 
Philippic  era,  or  era  of  Philip  Aridseus  - 
Era  or  the  SelucidsB       .       .       -       . 
CsBsarean  era  of  Antioch       .       .       - 
Julian  reformation  of  the  Calendar 
Spanish  era    .--.-. 
Actian  era  in  Rome        .       -       -       . 
Actian  era  of  Alexandria       .       -       . 
Vulgar  or  Dlonysian  era 
Era  of  Diocletian    -       -       - 
Hejira  (astronomical  epooh,  new  moon)  - 
Era  of  Yezderird  -       -       -       -       . 

Gelalieau  era  (Sir  H.  Nicholas) 

Last  day  of  Old  Style,  (CathoUc  nations) 

Ldist  day  of  Old  Style  in  England  - 

Gr$gor%an  £^h$. 

New  Style  in  Catholic  nations 

Ditto     in  England   -       -       -       - 
Commencement  of  the  10th  century. 

Epoch  of  Bode*s  catalogue  of  stars    • 
Epoch  of  Hne  cataloffue  of  stars  of  the 

R.  Astronomical  Society 
Epoch  of  the  catalogue  of  the  British 

Association         ..... 


Fint  Dt 


of  tL 

Era. 


JvUan 
Dates. 

Jan.  1. 
(Jan.  1.) 

Feb.  18. 
(Jan.  1.) 

Octl. 
July  la. 
(May  1.) 

July  1. 
April  22. 
Feb.  26. 
July  16. 
June  28. 
Nov.  12. 

Oct  1. 
Sept.  1. 

Jan.  1. 

Jan.  1. 

Jan.  1. 
Aug.  29. 

Jan.  1. 

Aug.  29. 

July  16. 

June  16. 

March  14. 

Oct.  4. 
Sept.  2. 

Oregorian 

Dales. 

Oct.  16. 

Sept.  14. 

Jan.  1. 
Jan.  1. 
Jan.  1. 


CbroDolorkal  Current  y«arl 


DaiigaADoa 
of  tfas  Tear. 


B.C.  4718 
4004 


A.D. 


1682 
1762 

1801 

1880 

1860 


of  the  Jnlko 
Fwiod. 


1 

710 


8102 

1612 

2848 

2866 

2016 

2699 

1184 

8630 

1016 

8699 

776 

8988 

768 

8961 

747 

8967 

482 

4282 

880 

4884 

824 

4390 

812 

4402 

49 

4666 

46 

4669 

88 

4676 

80 

4684 

80 

4684 

1 

4714 

284 

4997 

622 

6836 

682 

6346 

1079 

6792 

1682 

6296 

1762 

6466 

6296 
6466 

6614 

6648 

6668 


Interval 
Dayi. 


0 
268,968 

688,466 
863,817 
986,718 
1,289,160 
1,350,816 
1,438,171 
1,446,602 
1,448,638 
1,668,831 
1,699,608 
1,603,398 
1,607,739 
1,703,770 
1,704,987 
1,707,644 
1,710,466 
1,710,706 
1,721,424 
1,826,030 
1,948,439 
1,962,063 
2,115,286 
2,299,160 
2,361,221 


2,299,161 
2,361,222 

2,878,862 

2,889,464 

2,896,769 


N.  B.  The  dTil  epochs  of  the  Metonic  cycle,  and  the  Hejira,  are  each  one  day 
later  than  the  astronomical,  the  latter  being  the  epochs  of  the  absolute  new  moonsj 
the  former  those  of  the  earliest  possible  Tisibility  of  the  lunar  crescent  in  a  tropical 
sky.  M.  Biot  has  shown  that  the  solstice  and  new  moon  not  only  coincided  on  the 
day  here  set  down  as  the  commencement  of  the  Calippic  cycle,  but  that,  by  a  happy 
coincidence,  a  bctre  possibility  existed  of  seeing  the  crescent  moon  at  Athens  within 
that  day,  reckoned  from  midnight  to  midnight, 

(927.)  The  determination  of  the  exact  interval  between  any  two 
given  dates,  is  a  matter  of  such  importance,  and,  unless  methodi- 
cally performed,  is  so  very  liable  to  error,  that  the  following  rules 
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will  not  be  found  out  of  place.  In  the  first  place  it  must  be 
remarked,  generally,  that  a  date,  whether  of  a  day  or  year,  always 
expresses  the  day  or  year,  current  and  not  elapsedy  and  that  the 
designation  of  a  year  by  a.  d.  or  b.  c.  is  to  be  regarded  as  the  name 
of  that  year,  and  not  as  a  mere  number  uninterruptedly  desigruiiuig 
the  place  of  the  year  in  the  scale  of  time.  Thus,  in  the  date,  Jan.  5, 
B.  c.  1,  Jan.  5  does  not  mean  that  5  days  of  January  in  the  year  in 
question  have  elapsed,  but  that  4  have  elapsed,  and  the  5th  is 
current.  And  the  b.  c.  1,  indicates  that  the  first  (fay  of  the  year  so 
named,  (the  first  year  current  before  Christ,)  preceded  the  first  day 
of  the  vulgar  era  by  one  year.  The  scale  of  a.  d.  and  b.  c.  is  Dot 
continuous,  the  year  0  in  both  being  wanting ;  so  that  (supposing 
the  vulgar  reckoning  correct)  our  Saviour  was  born  in  the  year 
B.  c.  1. 

(928.)  To  find  the  year  current  of  the  Julian  period^  (j.  p.)  cor- 
responding to  any  given  year  current  b.  c.  or  a.  d.  If  b.  c,  sub- 
tract the  number  of  the  year  from  4714 :  if  a.  d.,  add  its  number 
to  4713.    For  examples,  see  the  foregoing  table. 

(d39.)  To  find  the  day  current  of  the  Julian  period  corresponding 
to  any  given  date.  Old  Style.  Convert  the  year  b.  c.  or  a.  d.  into 
the  corresponding  year  J.  p.  as  above.  Subtract  1  and  divide  the 
number  so  diminished  by  4,  and  call  Q  the  integer  quotient,  and  R 
the  remainder.  Then  will  Q  be  the  number  of  entire  quadriennia 
of  1461  days  each,  and  R  the  residual  years,  the  first  of  which  is 
always  a  leap-year.  Convert  Q  into  days  by  the  help  of  the  first  of 
the  annexed  tables,  and  R  by  the  second,  and  the  sun  will  be  the 
interval  between  the  Julian  epoch,  and  the  commencement,  Jan  1, 
of  the  year.  Then  find  the  days  intervening  between  the  beginning 
of  Jan.  1,  and  that  of  the  date-day  by  the  third  table,  using  the 
column  for  a  leap-year,  where  R=0,  and  that  for  a  common  year 
when  R  is  1,  2,  or  3.  Add  the  days  so  found  to  those  in  Q+R, 
and  the  sum  will  be  the  days  elapsed  of  the  Julian  period,  the 
number  of  which  increased  by  1  gives  the  day  current. 


TabCi  1.  Multiplef  of  1401,  the  dayt 

1 

1461 

4 

5844 

7 

10227 

2 

,2922 

6 

7306 

8 

11688 

8 

4888 

6 

8786 

9 

18149 

'.'  Tablb  2.  Days  In 

Residnml  TMtn. 

0 

0 

1 

866 

2 

781 

8 

1096 
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Tabls  8. — DajB  elapsed  from  Jan.  1.  to  the  Ist  of  each  Month. 


Jan.  1.  - 
Feb.  1.  - 
March  1. 
April  1. 
May  1.  - 
June  1. 


l^xcomaaa 

lat  Leap 

Ymt. 

Tear. 

0 

0 

81 

81 

5d 

60 

90 

91 

120 

121 

151 

152 

July  1.  - 
Aug.  L 
Sept  1. 
OoL  1,  - 
Nov.  1. 
Dec.  1.- 


InatemmoB 

la  a  Leap 

Tear. 

Tear- 

181 

182 

212 

218 

248 

244 

278 

274 

304 

805 

884 

885 

Example. — What  is  the  current  day  of  the  Julian  period  corre- 
sponding to  the  last  day  of  Old  Style  in  England,  on  Sept.  2,  a.  d. 
1752. 


1752 
4713 

6465  year  current 
1 

4)6464  years  elapsed 

Q=1616> 
B=      0^ 


1000 

600 

10 

6 

B=:0 

Jan.  1.  to  Sept.  1. 
Sept  1.  to  Sept  2. 


1,461,000 

876,600 

14,610 

8,766 

0 

244 

1 


2,861,221  days  elapsed. 
Current  day  the  2,861,222'i 


(930.)  To  find  the  same  for  any  given  date,  New  Style.  Proceed 
as  above,  considering  the  date  as  a  Julian  date,  and  disregarding 
the  change  of  style.  Then  from  the  resulting  days,  subtract  as 
follows : — 


For  any  date  of  New  Style,  antecedent  to  March  1.  a.  d.  1700    - 
After  Feb.  28. 1700  and  before  March  1.  a.  d.  1800 

"  1800  •*  "  1000       - 

"  1900  "  "  2100       -        -        - 


-  10  days. 

-  11  day^. 

-  12  days. 

-  18  days,  &c. 


(931.)  To  find  the  interval  between  any  two  dates  ^  whether  of  Old 
or  JVew  Styky  or  one  of  one^  and  one  of  the  other.  Find  the  day 
current  of  the  Julian  period  corresponding  to  each  date,  and  their 
difference  is  the  interval  required.  If  the  dates  contain  hours, 
minutes,  and  seconds,  they  must  be  annexed  to  their  respective 
days  current,  and  the  subtraction  performed  as  usual. 

(932.)  The  Julian  rule  made  every  fourth  year  without  excep- 
tion, a  bissextile.  This  is,  in  fact,  an  over-correction  ;  it  supposes 
the  length  of  the  tropical  year  to  be  3654^,  which  is  too  great,  and 
thereby  induces  an  error  of  7  days  in  900  years,  as  will  easily 
appear  on  trial.  Accordingly,  so  early  as  the  year  1414,  it  began 
to  be  perceived  that  the  equinoxes  were  gradually  creeping  away 
from  the  21st  of  March  and  September,  where  they  ought  to  have 
always  fallen  had  the  Julian  year  been  exact,  and  happening  (as 
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it  appeared)  too  early.  The  necessity  of  a  fresh  and  effectual 
reform  in  the  calendar  was  from  that  time  continually  urged,  and 
at  length  admitted.  The  change  (which  took  place  under  the 
popedom  of  Gregory  XIII,)  consisted  in  the  omission  often  nomi- 
nal days  after  the  4th  of  October,  1582,  (so  that  the  next  day  was 
called  the  15th,  and  not  the  5th,)  and  the  promulgation  of  the  rale 
already  explained  for  future  regulation.  The  change  was  adopted 
immediately  in  all  catholic  countries  ;  but  more  slowly  in  protest- 
ant.  In  England,  « the  change  of  style,"  as  it  was  called,  took 
place  after  the  2d  of  September,  1752,  eleren  nominal  days  being 
then  struck  out ;  so  that,  the  last  day  of  Old  Style  being  the  2d, 
the  first  of  New  Style  (the  next  day)  was  called  the  14th,  instead 
of  the  3d.  The  same  legislative  enacto^ent  which  established  the 
Gregorian  year  in  England  in  1752,  shortened  the  preceding  year, 
1751,  by  a  full  quarter.  Previous  to  that  time,  the  year  was  held 
to  begin  with  the  25th  March,  and  the  year  a.  d.  1751  did  so 
accordingly ;  but  that  year  was  not  suffered  to  run  out,  but  was  sup- 
planted on  the  1st  January  by  the  year  1752,  which  it  was  enacted 
should  commence  on  that  day,  as  well  as  every  subsequent  year. 
Russia  is  now  the  only  country  in  Europe  in  which  the  Old  Style 
is  still  adhered  to,  and  (another  secular  year  having  elapsed)  the 
difference  between  the  European  and  Russian  dates  amounts,  at 
present,  to  12  days. 

(933.)  It  is  fortunate  for  astronomy  that  the  confusion  of  dates, 
and  the  irreconcilable  contradictions  which  historical  statements 
too  often  exhibit,  when  confronted  with  the  best  knowledge  we 
possess  of  the  ancient  reckonings  of  time,  affect  recorded  observa- 
tions but  little.  An  astronomical  observation,  of  any  striking  and 
well-marked  phenomenon,  carries  with  it,  in  most  cases,  abundant 
means  of  recovering  its  exact  date,  when  any  tolerable  approxi- 
mation is  afforded  to  it  by  chronological  records;  and,  so  far  from 
being  abjectly  dependent  on  the  obscure  and  often  contradictory 
dates,  which  the  comparison  of  ancient  authorities  indicates,  is 
often  itself  the  surest  and  most  convincing  evidence  on  which  a 
chronological  epoch  can  be  brought  to  rest.  Remarkable  eclipses, 
for  instance,  now  that  the  lunar  theory  is  thoroughly  understood, 
can  be  calculated  back  for  several  thousands  of  years,  without  the 
possibility  of  mistaking  the  day  of  their  occurrence.  And,  when- 
ever any  such  eclipse  is  so  interwoven  with  the  account  given  by 
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an  ancient  author  of  some  historical  event,  as  to  indicate  precisely 
the  interval  of  time  between  the  eclipse  and  the  event,  and  at  the 
same  time  completely  to  identify  the  eclipse,  that  date  is  recovered 
gnd  fixed  for  ever.* 

(934.)  The  days  thus  parcelled  out  into  years,  the  next  step  to 
a  perfect  knowledge  of  time  is  to  secure  the  identification  of  each 
day,  by  imposing  on  it  a  name  universally  known  and  employed. 
Since,  however,  the  days  of  a  whole  year  are  too  numerous  to 
admit  of  loading  the  memory  with  distinct  names  for  each,  all 
nations  have  felt  the  necessity  of  breaking  them  down  into  parcels 
of  a  more  moderate  extent ;  giving  names  to  each  of  these  parcels, 
and  particularizing  the  days  in  each  by  numbers,  or  by  some  espe* 
cial  indication.  The  lunar  month  has  been  resorted  to  in  many 
instances ;  and  some  nations  have,  in  fact,  preferred  a  lunar  to  a 
solar  chronology  altogether,  as  the  Turks  and  Jews  continue  to  do 
to  this  day,  making  the  year  consist  of  12  lunar  months,  or  354 
days.  Our  own  division  into  twelve  unequal  months  is  entirely 
arbitrary,  and  often  productive  of  confusion,  owing  to  the  equi- 
voque between  the  lunar  and  calendar  month.f  The  intercalary 
day  naturally  attaches  itself  to  February  as  the  shortest. 

(935.)  Astronomical  time,  reckons  from  the  noon  of  the  current 
day ;  civil  from  the  preceding  midnight,  so  that  the  two  dates 
coincide  only  during  the  earlier  half  of  the  astronomical,  and  the 
later  of  the  civil  day.  This  is  an  inconvenience  which  might  be 
remedied  by  shifting  the  astronomical  epoch  to  coincidence  with 
the  civil.  There  is,  however,  another  inconvenience,  and  a  very 
serious  one,  to  which  both  are  liable,  inherent  in  the  nature  of  the 
day  itself,  whi^h  is  a  local  phenomenon,  and  commences  at  dif- 
ferent instants  of  absolute  time,  under  different  meridians,  whether 
we  reckon  from  noon,  midnight,  sunrise,  or  sunset.  In  conse- 
quence, all  astronomical  observations  require  in  addition  to  their 
date,  to  render  them  comparable  with  each  other,  the  longitude  of 
the  place  of  observation  from  some  meridian,  commonly  respected 
by  all  astronomers.    For  geographical  longitudes,  the  Isle  of 

*  See  the  remarkable  calcnlafione  of  Mr.  Baily  relative  to  the  celebrated  lolar 
ecUpie  which  put  an  end  to  the  battle  between  the  kings  of  Media  and  Ljrdia,  b.c. 
610,  Sept.  30.    Phil.  Trans,  d.  220. 

f  '^  A  month  in  law  is  a  lunar  month  or  twenty-eight  days,  (! !)  unlese  other- 
wise expressed." — Blacfutone^  iL  chap.  9,  '<  a  lease  for  twelve  months  ia  only  for 
forty-eight  woekMJ'^-'Jbid* 
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Ferroe  has  been  chosen  by  some  as  a  common  meridian,  indif- 
ferent (and  on  that  very  account  offensive)  to  all  nations.  Were 
astronomers  to  follow  such  an  example^  they  would  probably  fix 
upon  Alexandria,  as  that  to  which  Ptolemy's  observations  ao<i 
computations  were  reduced,  and  as  claiming  on  that  account  the 
respect  of  all  while  offending  the  national  egotism  of  none.  But 
even  this  will  not  meet  the  whole  diflSculty.  It  will  still  remain 
doubtful,  on  a  meridian  180^  remote  from  that  of  Alexandria, 
what  day  is  intended  by  any  given  date.  Do  what  we  will,  when 
it  is  Monday  the  1st  of  January,  1849,  in  one  part  of  the  world, 
it  will  be  Sunday  the  31st  of  December,  1848,  in  another,  so  long 
as  time  is  reckoned  by  local  hours.  This  equivoque,  and  the 
necessity  of  specifying  the  geographical  locality  as  an  element  of 
the  date,  can  only  be  got  over  by  a  reckoning  of  time  which  refers 
itself  to  some  event,  real  or  imaginary,  common  to  all  the  globe. 
Such  an  event  is  the  passage  of  the  sun  through  the  vernal  equinox, 
or  rather  the  passage  of  an  imaginary  sun,  supposed  to  move  with 
perfect  equality,  through  a  vernal  equinox  supposed  free  from  the 
inequalities  of  nutation,  and  receding  upon  the  ecliptic  with  per* 
feet  uniformity.  The  actual  equinox  is  variable,  not  only  by  the 
effect  of  nutation,  but  by  that  of  the  inequality  of  precession, 
resulting  from  the  change  in  the  plane  of  the  ecliptic  due  to  plane- 
tary perturbation.  Both  variations  are,  however,  periodical,  the 
one,  in  the  short  period  of  19  years,  the  other,  in  a  period  of 
enormous  length,  hitherto  uncalculated,  and  whose  maximum  of 
fluctuation  is  also  unknown.  This  would  appear,  at  first  sight,  to 
render  impracticable  the  attempt  to  obtain  from  the  sun's  motion 
any  rigorously  uniform  measure  of  time.  A  little  consideration, 
however,  will  satisfy  us  that  such  is  not  the  case.  The  solar 
tables,  by  which  the  apparent  place  of  the  sun  in  the  heavens  is 
represented  with  almost  absolute  precision  from  the  earliest  ages 
to  the  present  time,  are  constructed  upon  the  supposition  that  a 
certain  angle,  which  is  called  «  the  sun's  mean  longitude,"  (and 
which  is  in  effect  the  sum  of  the  mean  sidereal  motion  of  the  sun, 
plus  the  mean  sidereal  motion  of  the  equinox  in  the  opposite  direc- 
tion, as  near  as  it  can  he  obtained  from  the  accumulated  observa- 
tions of  twenty-five  centuries,)  increases  with  rigorous  uniformity 
as  time  advances.  The  conversion  of  this  mean  longitude  into 
time  at  the  rate  of  360^  to  the  mean  tropical  year,  (such  as  the 
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tables  assume  it,)  will  therefore  give  us  both  the  unit  of  time,  and 
the  uniform  measure  of  its  lapse  which  we  seek.  It  will  also  fur* 
nish  us  with  an  epoch,  not  indeed  marked  by  any  real  erent,  but 
not  on  that  account  the  less  positively  fixed,  being  connected, 
through  the  medium  of  the  tables,  with  every  single  observation 
of  the  sun  on  which  they  have  been  constructed  and  with  which 
compared. 

(936.)  Such  is  the  simplest  abstract  conception  of  equinoctial 
time.  It  is  the  mean  longitude  of  the  sun  of  some  one  approved 
sd  of  solar  tables,  converted  into  time  at  the  rate  of  360^  to  the 
tropical  year.  Its  unit  is  the  mean  tropical  year  which  those  tables 
assume  and  no  other^  and  its  epoch  is  the  mean  vernal  equinox  of 
these  tables  for  the  current  year,  or  the  instant  when  the  mean 
longitude  of  the  tables  is  rigorously  0,  according  to  the  assumed 
mean  motion  of  the  sun  and  equinox,  the  assumed  epoch  of  mean 
longitude,  and  the  assumed  equinoctial  point  on  which  the  tables 
have  been  computed,  and  no  other.  To  give  complete  effect  to 
this  idea,  it  only  remains  to  specify  the  particular  tables  fixed  upon 
for  the  purpose,  which  ought  to  be  of  great  and  admitted  excel- 
lence, since,  once  decided  on,  the  very  essence  of  the  conception 
is  that  no  subsequfni  alteration  in  any  respect  should  be  made^  even 
when  the  continual  progress  of  astronomical  science  shall  have  shown 
any  one  or  all  of  the  elements  concerned  to  be  in  some  minute  degree 
erroneous  (as  necessarily  they  must),  and  shall  have  even  ascer* 
tained  the  corrections  they  require  (to  be  themselves  again  cor- 
rected, when  another  step  in  refinement  shall  have  been  made). 

(937.)  Delambre^s  solar  tables  (in  1828)  when  this  mode  of 
reckoning  time  was  first  introduced^  appeared  entitled 'to  this  dis- 
tinction. According  to  these  tables,  the  sun's  mean  longitude 
was  0^,  or  the  mean  vernal  equinox  occurred,  in  the  year  1828, 
on  the  22d  of  March  at  1^  2*"  59'*05  mean  time  at  Greenwich, 
and  therefore  at  2''  12»  20"-55  mean  time  at  Paris,  or  2^  66* 
34*<55  mean  time  at  Berlin,  at  which  instant,  therefore,  the  equi- 
noctial time  was  0^  0^  0™  0*-00,  being  the  commencement  of  the 
1828th  year  current  of  equinoctial  time,  if  we  choose  to  date  from 
the  mean  tabular  equinox,  nearest  to  the  vulgar  era,  or  of  the 
6541st  year  of  the  Julian  period,  if  we  prefer  that  of  the  first  year 
of  that  period. 

(938.)  Equinoctial  time  then  dates  firom  the  mean  vernal  equi- 
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nox  of  Delambre's  solar  tables,  and  its  aoit  is  the  mean  tropical 
year  of  these  tables  (365<'-242264).  Hence,  havbg  the  fractional 
part  of  a  day  expressing  the  difference  between  the  mean  local 
time  at  any  place  (suppose  Greenwich)  on  any  one  day  between 
two  consecutive  mean  vernal  equinoxes,  that  difference  will  be  the 
same  for  every  other  day  in  the  same  interval.  Thus,  between 
the  mean  equinoxes  of  1828  and  1829,  the  difference  between 
equmoctial  and  Greenwich  time  is  0'>-956261  or  0^22^  57>»0«-95, 
which  expresses  the  equinoctial  day,  hour,  minute,  and  second, 
corresponding  to  mean  noon  at  Greenwich,  on  March  5^,  1828, 
and  for  the  noons  of  the  24th,  25th,  &c.,  we  have  only  to  substi- 
tute Id,  2d,  &c.  for  O*',  retaining  the  same  decimals  of  a  day,  or 
the  same  hours,  minutes,  &c.,  up  to  and  including  March  22, 
1829.  Between  Greenwich  noon  of  the  22d  and  23d  of  March, 
1829,  the  1828th  equinoctial  year  terminates,  and  the  1829th 
commences.  This  happens  at  0'-286003,  or  at  6^  SI""  50'-66 
Greenwich  mean  time,  after  which  hour,  and  until  the  next  noon, 
the  Greenwich  hour  added  to  equinoctial  time  364*^*956261  will 
amount  to  more  than  365*242^4,  a  complete  year,  which  has 
therefore  tq  be  subtracted  to  get  the  equinoctial  date  in  the  next 
year,  corresponding  to  the  Greenwich  time.  Fojr  example,  at  12^ 
0"^  0*  Greenwich  mean  time,  or  0'-500000,  the  equinoctial  time 
wQl  be  364-956261+0*500000»365«456261,  which  being  greater 
than  365*242264,  shows  that  the  equinoctial  year  current  has 
changed,  and  the  latter  number  being  subtracted,  we  get  0^*213977 
for  the  equinoctial  time  of  the  1829th  year  current  corre^onding 
to  March  22, 12^  Greenwich  mean  time. 

(939.)  Having,  therefore,  the  fractional  part  of  a  day  for  any 
year  expressing  the  equinoctial  hour,  &c.,  at  the  mean  noon  of 
any  given  place,  that  for  succeeding  years  will  be  had  by  sub- 
tracting 0<^-242264,  and  its  multiples,  from  such  fractional  part 
(increased  if  necessary  by  unity),  and  for  preceding  years  by 
adding  them.  Thus,  having  found  0*198525  for  the  fractional 
part  for  1827,  we  find  for  the  fractional  parts  for  succeedmg  yean 
up  to  1853  as  follows* : — 

*  These  numbera  difler  from  those  in  the  Nautical  Almanac,  and  would  requiTe 
to  be  mbatituted  for  them,  to  cany  out  the  idea  of  equinoctial  time  aa  above  laid 
down.  In  the  yean  1828 — 1833,  the  late  eminent  editor  of  that  work  uaed  an 
equinox  ilightly  diflering  from  that  of  Delambre,  which  accounts  for  the  diflerenoe 
in  ihom  yean.    In  1834,  it  would  appear  that  a  deviation  both  from  the  principle 
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1828 

*d6«261 

1886 

-260413 

1842 

•664666 

1848 

•110981 

1829 

•718997 

1836 

•018149 

1843 

•822801 

1849 

•868717 

1880 

•471738 

1837 

•776885 

1844 

•080037 

1860 

•626453 

1831 

•^29469 

1838 

•688621 

1846 

•887778 

1861 

•384189 

1832 

•987206 

1839 

•291867 

1846 

•696609 

1862 

•141926 

1888 

•744941 

1840 

•049093 

1847 

•863246 

1868 

•899661 

1834 

•602677 

1841 

•806829 

of  the  text  and  from  the  previous  practice  of  that  epheiqeriii  took  place,  in  deriving 
the  fraction  for  1834  from  that  for  1833,  which  has  been  ever  ance  perpetuated. 
It  conflisted  in  rejecting  the  mean  longitude  of  Delambre's  tables,  and  adopting 
Bessel's  correction  of  that  element  The  effect  of  this'  alteration  was  to  insert  3" 
3*'68  of  purely  imaginary  timet  between  the  end  of  the  equinoctial  year  1833 
and  the  beginning  of  1834,  or,  in  other  words,  to  make  the  interval  between  the 
noons  of  March  22  and  23,  1834, 2i^  3"  3*-68,  when  reckoned  by  equinoctial  time* 
In  1835,  and  in  all  subsequent  years,  a  further  departure  from,  the  principle  of  the 
text  took  place  by  substituting  Bessel's  tropical  year  of  365^2422175,  for  Delam- 
bre's.  Thus  the  whole  subject  has  fallen  into  confusioh,  and  we  have  to  choose 
between  reverting  to  the  original  design  in  its  integrity,  or  to  continue  the  present 
practice  (eschewing  all  further  change)  fi>r  future  years. 
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Note, — ^The  elementi  of  the  orbits  of  Mercuiy,  Venui,  the  Earth,  Mara,  Jnpiter. 
Saturn,  and  Uranas,  are  thoee  given  by  the  late  F.  Baily,  Esq^  in  his  **  Aatrooo- 
mical  Tables  and  Formuln,"  and  are  the  aame  with  thoae  which  form  the  bass  of 
Delambre's  tables,  embodying  the  formats  of  Laplace.  The  elements  of  Urmnns 
and  Neptune  can  only  be  regarded  as  provisional ;  those  of  the  former  reqanring 
considerable  corrections,  necessitated  by  the  discovery  of  Neptune,  but  which,  noc 
being  yet  finally  ascertained,  by  reason  of  the  uncertainty  still  attending  on  the 
mass  and  elements  of  the  latter  planet,  it  was  ihoaght  better  to  leave  the  old  ele- 
ments untouched  than  to  give  an  imperfect  rectification  of  them.  The  masses  of 
the  planets  are  those  most  recently  adopted  by  Encke,  (Ast  Nachr.,  No.  443)  on 
mature  consideration  of  all  the  authorities,  that  of  Neptune  excepted,  which  is  Prof. 
Peirce's  determination  from  Bond's  and  Lassell's  observation  of  the  satellite  di»> 
ceveied  by  the  latter.    The  densities  are  Hansen's  (Ast.  Nachr.  No.  443.) 

The  Elements  of  Vesta,  Juno,  Ceres,  and  Pallas,  are  the  osculating  elements  for 
1850,  computed  by  Encke  (Ast.  Nachr.,  No.  636.)  Those  of  Flora,  Iris,  Metis, 
Hebe,  and  Astrsa,  are  from  the  respective  computatbns  of  Brunnow,  (Ast.  Nachr., 
No.  645,)  Gatle  (Ast  Nachr.,  No.  643,)  Sontag  (Ast.  Nachr.,  No.  644,)  Lehman 
(Ast.  Nachr.,  No.  636,)  and  D' Arrest  (Ast.  Nachr.,  No.  626.)  The  five  lastr 
named  planets  being  so  recently  discovered,  these  elements  may  undergo 
rectification  from  future  observation. 


III. 

Synoptic  Table  of  the  Elements  of  the  Orbits  of  the 
Satellites,  so  far  as  they  are  known. 


N.B.— The  distanoes  are  expressed  in  equatorial  radii  of  the  primaries.  The 
epoch  is  Jan.  1,  1801,  unless  otherwise  expressed.  The  periods,  dec,  are  ex- 
pressed in  mean  solar  days. 


1.  The  Moon. 


Mean  distance  fiom  earth  •        - 59'^96435000 

Mean  sidereal  revolution 27^321661418 

Mean  synodioal  ditto 29^530688715 

Exoentrid^  of  orbit 0-054844200 

Mean  revolution  of  nodes 6793d>391080 

Mean  revolution  of  apogee 3232<^575348 

Mean  longitude  of  node  at  epoch         -        -        -        -       '-  13^  53^  17''*7 

Mean  longitude  of  perigee  at  do.         .....  266     10     7  -5 

Mean  inclination  of  orbit   -        -        .        .        .        .        .  58  47 '9 

Mean  longitude  of  moon  at  epoch        -        •        -        -        -  118     17     8  '3 

MasB,that  of  earth  being  1,         -        -        .        .        .        •  0*011399 

Diameter  in  miles     -        -        -        -        .        ..        .  2153 

Density,  that  of  the  euthbemgl,      -                ...  0*6657 
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N.  B.    ThA  re&reiifieB  tfe  to  the  artldef^  not  to  tlie  pages. 

. . .  attadied  to  a  referenoe  number  indioates  tbat  the  reference  extends  to  the  aztide  died, 
sereral  enbeeqnent  in  luooesdon. 


A. 

ABERRATI0NQ{h^teTfA&mE>A,S^9. 
Its  uranographical  effects,  333.  Of  an 
otject  in  motion,  335.  How  distin- 
guished from  parallax,  806.  Syste- 
matic 862. 

Aboul  Wefa,  705. 

Aecekraiion,  secular,  of  moon's  mean 
motion,  740. 

Adiona,  506,  767. 

Adjustment,  errors  of,  in  instruments, 
136.  Of  particular  instruments.  (^Su 
thosft  instruments.) 

JEtna,  portion  of  earth  visible  from,  32. 
Height  o^  32,  note. 

Air^  rarefaction  of,  33.  Law  of  density, 
37.  Refractive  power  affected  by  mois- 
ture, 41. 

Airy,  G.  B.  Esq.,  his  results  respecting 
figure  of  the  earth,  220.  Researches 
on  perturbations  of  the  earth  by  Venus, 
726.  Rectification  of  the  mass  of 
Jupiter,  757. 

AJeoly  821. 

Attitude  and  azimuth  instrument,  187. 
— s.    Equal,  method  of,  188. 

Andromeda,  nebula  in,  874. 

^9ig'2e  of  position,  204.  Of  situation,  311. 

Angles,  measurement  of,  1 63, 1 67.  Hour, 
107. 

Angular  velocity,  law  of,  variation  of, 
350. 

Asufmalutie  year,  384. 

Anomaly  of  a  planet,  499. 

Annular  nebula,  876. 

Apex  of  aberration,  343.     Of  parallax, 
.343.    Of  refraction,  343.    Solar,  864. 
Of  shooting  stars,  902,  904. 


Aphelion,  368. 

Apogee  of  moon,  406.  Period  of  its  »• 
volution,  687. 

Apsides,  406.  Motion  of  invettigatad, 
675.  Application  to  lunar,  676.^ 
Motion  o^  illustrated  by  ezperimeDt, 
692.  Of  planetary  oibits,  694.  Lt- 
bratlon  of,  694.  ^  Motion  in  oriata  veiy 
near  to  circles,  696.  In  excentric 
orbits,  697... 

Areas,  Kepler's  law  of,  490, 

Argelander,  his  researches  on  Tariable 
stars,  820...,  on  sun's  proper  moCioii, 
854. 

Argo,  nebula  in,  887.  Irregular  star  t^ 
in  constellation,  830. 

Ascension,  right,  108.  (See  Right  ascen- 
sion.) 

Aneroids,  their  existence  suspected  pv^ 
vious  to  their  discovery,  605.  Ap- 
pearance in  telescopes,  626.  Gravity 
on  surface  of,  525.  Elements,  Appen- 
dix, Synoptic  Table. 

Astraea,  discovery  of,  605. 

Astrometer,  783,  784. 

Astronomy,  Etymology,  11.  General 
notions,  11. 

Atmosphere,  constitution  of,  33.»  Pos- 
sible limit  o^  36.  Its  waves,  37. 
Strata,  37.  Causes  refraction,  38. 
Twilight,  44.  Total  mass  o(  148. 
Of  Jupiter,  513. 

Attraction  of  a  sphere,  445 — 450.  {See 
Gravitatbn.) 

Augmentation  of  moon's  apparent  dia- 
meter, 404. 

Augustus,  his  reformation  of  mistakes 
in  the  Julian  calendar,  (919.)  Bra 
o^  926. 
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AuHraUa,  exoeflttve  tanuner  tompenture 
0^369. 

Axi»  of  the  earth,  83.  Rotation  per- 
manent, 66.  Major  of  tha  earth's 
oibit,  373.    Of  tun's  rotation,  393. 

Axis  of  a  planetary  orbit  Momentaiy 
Tariation  of,  caused  by  the  tangential 
force  only,  668,  660.  Its  variations 
periodical,  661...  InTariability  o^  and 
how  understood,  668. 

Azimuthf  103 — and  altitude  instrument, 
187. 

B. 

Barometer^  nature  of  its  indication)  33. 

Use  in  calculating  refraction,  43.    In 

determining  heights,  387. 
Belts  of  Jupiter,  613.     Of  Saturn,  614. 
Btnzenber^s   principle  of  oollimation, 

179. 
Bessely  his  lesults  respecting  the  figure 

of  the  earth,  230.    Discovers  parallax 

of  61  Cygni,8l3. 
Biela's  comet,  679... 
Biot,  his  aeronautic  ascent,  33. 
Bodet  his  (so  called)  law  of  planetary 

distances,  606.     Violated  in  the  case 

of  N^tone,  607. 
Borda,  his  principle  of  repetition,  198. 
Bouvctrd,  his  suspicion  of  extraneous  in- 
fluence on  Uranus,  760. ' 

C. 

CsBsar,  his  refonn  of  the  Roman  calen- 
dar, 917. 

Calendar,  Julian,  917.  Gregorian,  914... 

Cause  and  efiect,  439,  and  note. 

Centre  of  the  earth,  80.  Of  the  sun, 
463.  Of  gravity,  360.  Revolution 
about,  463. 

Centrifugal  force.  Elliptic  form  of  earth 
produced  by,  234.  lilustreted,  326. 
Compared  with  gravity,  229.  Of  a 
body  revolving  on  the  earth's  sur&ce, 
463. 

Ceresj  discovery  of,  606. 

Challis,  Prof.,  606,  note. 

Charts,  celestial,  111.  Construction  of, 
391*.     Bremiker's,  606,  and  note. 

Chinese  records  of  comets,  674.  Of 
irregular  stars,  831. 

Chronometers,  how  used  for  determining 
differences  of  longitude,  266. 

Cireie,  arctic  and  antarctic,  94.  Verti- 
cal, 100.    Hour,  106.    Divided,  163. 


Meridian,  174w    Reflecting,  197.    Re- 
peating, 198.    Galactic,  793. 

Clepsydra,  160. 

Cloek,  161.  Enor  and  rate  of,  how 
found,  263. 

Clouds,  greatest  height  of,  34.  Magel- 
lanic, 892... 

Clusters  of  stars,  864..  Globular,  867. 
Irregular,  869. 

Collimaiion,  line  ot,  166. 

ColKmaior,  178... 

Coloured  stATs,  861... 

Colures,  307. 

Comets,  664.  Seen  in  day-time,  666, 
690.  Tails  of,  666...666,  699.  Ex- 
treme tenuity  of,  658.  General  de- 
scription of,  660.  Motions  o^  and  de- 
scribed, 661...  Parabolic,  664.  Elliptic, 
667...  Hyperbolic  664.  Dimensions 
of,  565.  OfHaIley,.567..  Of  Caesar, 
673.  OfEncke,676.  Of6ieIa,679. 
Of  Faye,  584.  Of  Lexell,  586.  Of 
De  Vico,  586.  Of  B  rorsen,  587.  Of 
Peters,  688.  Synopsis  of  elements 
(Appendix].  Increase  of  visible  di- 
mensions m  receding  from  the  sun, 
671,  680.  Great,  of  1843,  689...  Its 
supposed  identity  with  many  others, 
694...  Interest  attached  to  subject, 
697.  Cometary  statistics,  and  con- 
clusions therefrom,  601. 

Commensurability  (near)  of  mean  mo- 
tions; of  Saturn's  satellites,  660.  Of 
Uranus  and  Neptune,  669,  and  note. 
Of  Jupiter  and  Saturn,  720.  Earth 
and  Venus,  726.    Effects  of,  719. 

Compensation  of  disturbances,  how  ef- 
fected, 719,  725. 

Compression  of  terrestrial  spheroid,  221. 

ConJiguraiionSf  inequalities  depending 
on,  666.M 

Conjunctions,  superior  and  inferior,  473. 
Perturbations  diiefly  produced  at,  713. 

Consciousness  of  efiect  when  force  is  ex- 
erted, 439. 

Constellations,  60,  301.  How  brought 
into  view  by  change  of  latitude,  52. 
Rising  and  setting  of,  58. 

Coperniean  explanation  of  diurnal  mo- 
tion, 76.  Of  apparent  motions  of  sun 
and  planets,  77. 

Correction  of  astronomical  observations, 
324...  s.  Uranographical  summary, 
view  of,  342... 

Culminations,  1 26.  Upper  and  low^r, 
136. 
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C^cli,  of  oonjimoCioDs  ci  dktmliiiig  and 
difturbed  plaiMts,  719.  Metonk,  926. 
Callippic,  i6.  Solar,  931.  LiiDar,922. 
Of  indictioii%  928. 

D. 

Day,  aolar,  laoar,  and  fltdeieal,  143. 
Katio  of  adereal  to  aolar,  806,  909, 
911.  Solar  unequal,  146.  Mean£tlo, 
inTariable,  908.  Civil  and  astnmo- 
mical,  147.    Intercalary,  916. 

Days  elapsed  between  principal  chrono- 
logical eras,  926.  Rules  for  reckoning 
between  given  dates,  927. 

DedinaHon,  105.    How  obtained,  296. 

Definitwru,  82... 

Degree  of  meridian,  bow  measured,  210... 
Error  admiaible  in,  216.  Length  of 
in  various  latitudes,  216,  221. 

Diameters  of  the  earth,  220,  221.  Of 
planets,  synopsis,  Appendix.  (iSeealso 
each  planet) 

Dilatation  of  comets  in  receding  from 
the  sun,  578. 

Dime,  548. 

Discs  of  stars,  816. 

Distance  of  the  moon,  403 ;  the  sun,  357 ; 
fixed  stars,  807,  812...;  polar,  105. 

Districts,  natural,  in  heavens,  302. 

Disturbing  (broes,  nature  of,  609...  Ge- 
neral esdmaUon  of,  611.  Numerical 
values,  612.     Unresolved  in  direction, 

614.  Resolution  o^  in  two  modes, 

615,  618.  EfiecU  of  each  resolved 
portion,  616..  On  moon,  expressions 
of,  676.  Geometrical  representations 
of,  676,  717. 

Diurnal  motion  explained,  58.  Parallax, 
339.     RoUtion,  144. 

Double  refraction,  202.  Image  micro- 
meter, a  new,  described,  202.  Comet, 
580.     Nebulffi,  878. 

Double  Stars,  833...  Specimens  of  each 
class,  835.  Orbitual  motion  o^  839. 
Sulject  to  Newtonian  attraction,  843. 
Orbits  of  particular,  843.  Dimensions 
of  these  orbits,  844,  848.  Coloured, 
851...  Apparent  periods  affected  by 
motion  of  light,  863. 

Dove,  his  law  of  temperature,  370. 

£. 

Earth,  Itsmotion  admissible,  15.  Sphe- 
rical form  o^  18,  22...  Optical  efiect 
of  its  curvature,  25.    Diurnal  rotation 


o^  63.  Unobnn,  66w  IVnumoiieB  ef 
its  axil,  57.  Figure  spheraadal,  SI 9-. 
Dimenaons  o^  2S0.  Elliptie  l^giae 
a  rssolt  of  tlwory,  229.  Tenipeatiiie 
of  surfcce,  how  maintMnftd,  866.  Ap- 
peaianee  as  mea  from  moon,  49€. 
Velodiy  in  ili  oriiV  474.  Dirtrnfaaxue 
by  Venus,  726. 

Eelipse8,4ll,^  8obr,490.  Liioar,4SI« 
Annular,  425.  Periodic  retam  oi^  4S6. 
Number  posttbls  in  a  year,  4S6.  Of 
Jupiter's  satellites,  538.  Of  datam's 
549. 

Ecliptic,  306...  Its  plane  slowly  varia- 
ble, 306.  Cause  of  this  variation  ex- 
plained, 640.  Poles  of,  307.  Limils, 
solar,  412.    Lunar,  427. 

Egyptians,  ancient,  their  chronology, 
912. 

Elements  of  a  planefs  orbit,  493.  Va- 
riations o(  652...  Of  double  star  orbits, 
843.  Synoptic  table  of  planetaiy,  dec. 
Appendix. 

ElHpae,  variable,  of  a  planet,  653.  Mo- 
mentary or  osculating,  654. 

Elliptic  motion  a  consequence  of  gravi- 
tation, 446.  Laws  o^  489...  Their 
theoretical  explanation,  491. 

ElHpHcity  of  the  Earth,  221. 

Elongation,^!,  Greatest,  of  Mercury 
and  Venus,  467. 

Enceladus,  548,  note. 

Encke,  comet  of;  576.  His  hypothesis 
of  the  renstance  of  the  ether,  577. 

Epoch,  one  of  the  elements  of  a  planetfs 
oibit,  496.  Its  variation  not  inde- 
pendent, 780.  Variations  incident  on, 
731,  744. 

Equation  of  light,  335.  Of  the  centre, 
375.  Of  time,  379.  Lunar,  452. 
Annual,  of  the  moon,  738. 

Equator,  84. 

Equatorial,  185. 

Equilibrium,  figure  of,  in  a  rotating  body, 
224. 

Equinoctial,  97.    Time,  935. 

Equinox,  293,  803. 

Equinoxes,  precession  of;  312.  Its  el^ 
fects,  313.  In  what  consisting,  814... 
Its  physical  cause  explained,  642«« 

Eras,  chronological  list  o(  926. 

Errors,  classification  of,  133.  Instru- 
mental, 135...  Their  detection,  140. 
Destruction  of  accidental  ones  by  tak- 
ing means,  137,  Of  clock,  how  ob- 
tained, 293. 
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EitabUshment  of  a  port,  764. 

Ether,  resistaace  o^  577. 

Evection  of  moon,  748. 

ExeentricUiea,  itability  of  Lftgimnge's 
theorem  reMptd&ag,  701. 

Excentridty  of  earth's  orbit,  354.  How 
aeoeitatned,  377.  Of  the  mo<my  405. 
Momentaiy  perturbation  o^  invefti- 
gated,  670.  Application  to  lunar 
theory,  688.  Variations  of^  in  orbits 
nearly  circular,  696.  In  ezoentric 
orbits,  697.  Permanent  inequalities 
depending  on,  719. 

P. 

Faeulss,  338. 

Faye,  comet  of,  584,  and  Appendix. 

Flora,  discovery  of,  505. 

Focua,  upper.  Its  momentary  change  of 
place,  670,  671.  Path  of,  in  virtue  of 
both  elements  of  disturbing  force,  704. 
Traced  in  the  case  of  the  moon's  varia- 
tion, 706...  And  parallactic  inequality, 
712.  Circulation  of,  about  a  mean 
situation  in  plfmetary  perturbations, 
727. 

Force,  metaphysical  conception  of,  439. 

Forced  vibration,  principle  of,  650. 

Forces,  disturbing.    iSSee  Disturbing  foice. 

G. 

Gtdlactic  circle.  793.    Polar  distance,  ib. 

Galaxy  composed  of  stars,  302.  Sir  W. 
Her8chel*s  conception  of  its  form  and 
structure,  786.  Distribution  of  stars 
generally  referable  to  it,  786.  Its 
course  among  the  constellations,  787.« 
Difficulty  of  conceiving  its  real  form, 
792.  Telescopio  analysis  oi,  797.  In 
some  directions  un&thomable,  in  others 
not,  798. 

Galle,  Dr.,  506.  Finds  Neptune  in  place 
indicated  by  theory,  768. 

Galloway,  his  researdies  on  the  sun's 
proper  motion,  865. 

Gauging  the  heavens,  798. 

Gay  Jmsoc,  his  aeronautic  ascent,  32. 

Geocentric  longitude,  503.  Place,  871, 
497. 

rreocfetiea/measureinents^—their  nature, 
247.- 

Geography,  111,  206^ 

Globular  dosten,  865.  Their  dynami- 
cal stability,  866«  Specimen  list  of, 
867. 


Golden  number,  922. 

Goodricke,  his  discovery  of  variable  stars, 
821... 

GrauitaHon,  how  deduced  from  pheno- 
mena, 454...  Elliptic  motion  a  con- 
sequence o^  490... 

Gravity,  centre  o(  see  Centre  of  gravity. 

Gravity  diminished  by  centrifugal  force, 
231.  Measures  o^  statical,  234.  I^- 
namical,  235.  Force  of^  on  the  moon, 
433...  On  bodies  at  surface  of  the 
sun,  440.  Of  other  planets,  see  their 
names. 

Gregoricm  reform  of  calendar,  91 5-. 


H. 


HaXUy.  His  comet,  5f7.  First  notices 
proper  motions  of  the  stars,  852. 

Hansen,  His  detection  of  long  Inequali^ 
ties  in  the  moon's  motions,  745.^ 

Harding  discovers  Juno,  505.  * 

Heat,  supply  of,  from  sun  alike  in  sum- 
mer and  winter,  368.  How  kept  up, 
400.  Sun's  expenditure  of  estimated, 
397.  Received  from  the  sun  by  dif- 
ferent planets,  508.  Endured  by 
comets  in  perihelio,  592.    • 

Hebe,  discovery  of,  505. 

Heights  above  the  sea,  how  measured, 
286.     Mean,  of  the  continents,  389. 

Heliocentric  place,  500. 

Heliometer,  201. 

Hemispheres,  tenestrial  and  aqueous, 
284. 

Hersehel,  Sir  Wm.,  discovers  Uranus, 
505,  and  two  satellites  of  Saturn,  548. 
His  method  of  gauging  the  heavens, 
793.  Views  of  the  structure  of  the 
Milky  Way,  786.  Of  nebular  subsi- 
dfince,  and  sidereal  aggregation,  869, 
874.  His  catalogues  of  double  stari^ 
835.  Discovery  of  their  binary  con- 
nexion, 839.  Of  the  sun's  proper 
motion,  854.  Clasafrcationsofnebuls, 
868,  879,  note. 

Horizon,  %%  Dip  of,  23, 1 96.  Rational 
and  sensible,  74.  Celestial,  98.  Arti- 
ficial, 163. 

Horizontal  point  of  a  mural  circle,  bow 
determined,  1 75... 

Hour  circles,  106;  angle,  107;  glaas, 
160. 

Hyperion,  Appendix,  Saturn's  satellites 
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lapetus,  548. 

IncUnatum  of  the  moon's  orbit,  406.  Of 
planet's  orbits  disturbed  bj  orthogonal 
force,  619.  Physical  importance  of, 
as  an  element,  632.  Momentary  varia- 
tion of,  estimated,  683.  Criterion  of 
momentary  increase  or  diminution, 
635.  Its  changes  periodical  and  self- 
correcting,  636.  Application  to  case 
of  the  moon,  638. 

ihc/iruz/umd,  stability  o^  Lagrange's  theo- 
rem, 639.  Analogous  in  their  pertur- 
bations to  excentricities,  699. 

Indieiioru,  923. 

InequaUty.  Parallactic,  of  moon,  712. 
Great,  of  Jupiter  and  Saturn,  720... 

Jhequalities,  independent  of  excentricity, 
theory  of,  702...     Dependent  on,  719. 

Inierealationf  916. 

IrU,  discovery  of,  505. 

Iran,  meteoric,  888. 

J. 

Julian  period,  924.  Date.  930.  Reform 
mation,  818. 

Juno,  discovery  of,  505. 

Jupiter,  physical  appearance  and  descrip- 
tion of,  511.  Ellipticityof,512.  Belts 
of,  512.  Gravity  on  sur&ce,  508. 
Satellites  of,  510.  Seen  without  satel- 
lites, 543.  Recommended  as  a  photo- 
mqtric  standard,  783.  Elements  of, 
6lc    (Set  Synoptic  Table,  Appendix.) 

Jupiter  and  Saturn,  their  mutual  per- 
turbations, 700,  720... 

K, 

Kater,  his  mode  of  measuring  small  in- 
tervals of  time,  1 50.  His  collimator, 
178 

Kq}le^,  his  laws,  352,  487,  489.  Their 
pbyflical  interpretation,  490.^ 

L. 

Lagging  of  tides,  753. 

Lagrange,  his  theorems  respecting  the 
stability  of  the  planetary  system,  669, 
639,  701. 

Le^laee  accounts  for  the  secular  accele- 
ration of  the  moon,  740. 

LaueU,  his  discovery  of  the  satellite  of 
Neptune,  524.  Of  an  eighth  satellite 
of  Saturn,  Appendix.  RenSiscovers 
two  of  the  satellites  of  Uranus,  551. 


Latitude,  terrestrial,  88.  ParaUels  i^  89. 
How  ascertained,  119,  129.    Rdmer** 
mode  of  obtaining,  248.  On  a  spheroid 
347.  Celestial,  308.  Heliooentric  bow 
calculated,  500.    Geocentric,  503. 

Laws  of  nature  how  arrived  at,  139. 
Subordinate,  appear  first  in  fonn  of 
errors,  139.     Kepler's,  352»  487... 

Level,  spirit,  176.  Sea,  285.  Strata, 
287. 

Leverrier,  606,  507, 767. 

Lexell,  comet  o^  685. 

Libration  of  the  moon,  435.  Of  apaidee, 
694. 

Light,  aberration  of,  331.  Velocity  o^ 
331.  How  ascertained,  545.  Equa- 
tion of,  335.  Extinction  of,  in  travers- 
ing space,  798.  Distance  measured  by 
its  motion,  802...  Of  certain  stars  com- 
pared with  the  sun,  817...  Eflect  of 
its  motion  in  altering  apparent  period 
ofa  double  star,  863.    Zodiacal,  897. 

Local  time,  252. 

London,  centre  of  the  terrestrial  hemi- 
sphere, 284. 

Longitude,  terrestrial,  90.  How  deter- 
mined, 121,  251...  By  chronometers, 
255.  By  signals,  264.  By  electric 
telegraph.  262.  By  shooting  stars,  265. 
By  Jupiter's  satellites,  &c^  266.  By 
lunar  observations,  267...  Celestial, 
308.  Mean  and  true,  375.  Heliocen- 
tric, 500.  Geocentric  503.  Of  Jupiter's 
satellites,  curious  relations  o(  642. 

Lunation  (synodic  revolution  of  the 
moon),  its  duraticm,  418. 

M. 

Magellanic  douds,  892». 

Magnitudes  of  stars,  780^.     Common 

and  ph9tometric  scales  of,  780««.  And 

Appendix. 
Mc^9,  geographicali  construction  of,  373. 

Celestial,  290...  Of  the  moon,  437. 
Mare,  phases  o<|  484.    Gravity  on  sur- 

&ce,508.  Continents  and  seas  of,  610. 

Elements  (Appendix). 
Maaaes  of  planets  delermined  by  their 

satellites,  532.    By  their  mutual  per- 

turiNitions,  757.  Of  Jupiter's  satellites, 

758.     Of  the  moon,  750. 
Menstrual  equation,  528. 
Mereator^a  projections,  268. 
Mercury,  synodic  revolution  o^    472. 

Velocity  in  orlnts,  474.    Stationaiy 

poinUof,  476.   Pluuea,477.  Greatest 
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elongatirat,  482.  Tramitf  o^  483. 
Heat  received  from  sun,  ftOS.  Phy- 
ricai  appearance  and  deacription,  509. 
Elements  of  (Appendix). 

Meridian^  terrestrial,  85.  Celeatial,  101. 
Line,  87,  190.  Circle,  174.  Mark, 
190.  Arc,  how  measured,  213.  Arcs, 
lengths  of,  in  various  latitudes,  216. 

MessieTi  his  catalogue  of  nebuUs,  865. 

Meteors,  89S,  Periodical,  900...  Heights 
of,  904. 

Metis,  discovery  oC,  505. 

Micrometers,  199.^ 

Milky  way.     {See  Galaxy,  302.) 

Mimas,  550,  and  note. 

Mira  Ceti,  820. 

ilfoon,  her  motion  among  the  stars,  401. 
Distance  of,  403.  Magnitude  and  hori> 
zontal  parallax,  404.  Augmentation, 
404.  Her  orbit,  405.  Revolution  of 
nodes,  407.  Apsides,  409.  Occultation 
of  stars  by,  414.  Phases  of,  416. 
Brightness  of  surfoce,  417,  note.  Red- 
ness in  eclipses,  422.  Physical  con- 
stitution of,  429...  Destitute  of  sensible 
atmosphere,  431.  Mountains  of,  430. 
Climate,  431...  Inhabitants,  434.  In- 
fluence ou  weather,  432,  and  note. 
Rotation  on  axis,  435.  Appearance 
from  earth,  436.  Maps  and  models  of, 
437.  Real  form  of  orbit  round  the 
sun,  452.  Gravity  on  surface,  508. 
Motion  of  her  nodes  and  change  of 
inclination  explained,  638...  Motion 
of  apsides,  676...  Variation  of  ezcen* 
tricity,  688...  Parallactic  inequality, 
712.  Annual  equation,  738.  Evection, 
748.  Variation,  705...  Tides  produced 
by,  751. 

Motion,  apparent  and  real,  15.  Diurnal, 
52.  Parallactic,  68.  Relative  and 
absolute,  78...  Angular,  how  measured, 
149.  Proper,  of  stars,  852...  Of  sun, 
854. 

Mountains,  their  proportiiMi  to  the  globe, 
29.     Of  the  moon,  430. 

Mouma  Roa,  32. 

Mural  circle,  168. 

N. 

NabonassOTf  era  of,  926. 

Nadir,  991 

Nebulm,  classifications  of,  868,  879,  note, 

Law  of  distribution,  868.    Resplvable, 

870.     Elliptic,  873.    Of  Andromeda. 

40 


874.  Annular,  875.  Planetaiy,  876. 
Colom!ed,(6.  Double,  878.  Of  sub- 
regular  forms,  881,  882.  Irregular, 
883.  Of  Orion,  885.  Of  Argo,  887. 
Of  Sagittarius,  888.   Of  Cygnus,  89 1. 

Nebular  hypothesis,  872. 

Nebulous  matter,  871.    Stars,  880. 

Neptune,  discovery  of,  506,  768.  Per- 
turbations produced  on  Uranus  by, 
analysed,  765...  Place  indicated  by 
theory,  767.  Elements  of,  771...  Per- 
turbing forces  of,  on  Uranus,  geometri- 
cally exhibited,  773.  TheireffectB,774... 

Newton,  his  theory  of  gravitation,  490... 
et  passim. 

Nodes  of  the  sun's  equator,  390.  Of  the 
moon's  orbit,  407.  Passage  of  planets 
through,  460.  Of  planetary  orbits, 
495.  Perturbation  of,  620...  Criterion 
of  their  advance  or  recess,  622.  Recede 
on  the  disturbing  orbit,  624...  Motion 
of  the  moon's  theory  of,  638.  Analogy 
of  their  variations  to  those  perihelia,699. 

Nomenclature  of  flhturn's  satellites,  548, 
note. 

Nonagesimal  point,  how  found,  310. 

Normal  disturbing  force  and  its  eflects, 
618.  Action  on  excentricity  and  peri* 
helion,  673.  Action  on  lunar  apsides, 
676.  Of  Neptune  on  Uranus,  its 
effects,  775. 

NubeculsB,  major  and  minor,  892... 

Number,  golden,  922. 

Nutation,in  what  consisting,  32 1 .  Period, 

322.  Common  to  all  celestial  bodies, 

323.  Explained  on  physical  princi- 
ples, 648. 

O. 

Obliquity  of  ecliptic,  303.  Produces 
the  variations  of  seasons,  362.  Slowly 
diminishing,  and  Why,  640. 

Observation^  astronomical,  its  peculiari- 
ties, 138. 

OecuUaHon,  perpetual,  circle  of,  1 13.  Of 
a  star  by  the  moon,  4 1 3...  Of  Jupiter's 
satellites  by  the  body,  541.  Of  Saturn's, 
549. 

Olbers  discovert  Pallas  and  Vesta,  505. 
His  hypothesis  of  the  partial  opacity 
of  space,  798. 

Opacity,  partial,  of  space,  798. 

Oscillations,  forced,  principle  of,  650. 

Orbits  of  planets,  their  elements  (Ap- 
pendix) of  double  Stan,  843,  Of 
comets.    {Set  comets.) 
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Orthogonal  ^Bstuiiiing  ibrce,    and   its 

6frecta,616,  619. 
Orthographic  projection^  280. 

P. 

PalUzeh  disooven  the  Tariability  of  Algol, 
821. 

Pallas^  disooTery  of,  505. 

Pora/bf/ie  instrument,  185.  Inequality 
of  the  moon,  712.  Of  planets,  713. 
Unit  of  sidereal  distances,  804*  Mo- 
tion, 68.  * 

ParaUax,70,  Geocentric  or  diurnal,  339. 
Heliocentric,  341.  Horizontal,  355.  Of 
the  moon,  404.  Of  the  sun,  357,  479, 
481.  Annual,  of  stars,  800.  How 
investigated,  805...  Of  particular  stars, 
812,  813,  815.     Systematic,  862. 

Ptako(TenenSBd,  32. 

Pendulum-clock,  89.  A  measure  of 
gravity,  235. 

Penumbra,  420. 

Perieee  of  moon,  406» 

Permelia  and  excentricities,  theory  of, 

670... 
Perihelion,  368.     Longitude  of,  495. 

Passage,  496.  Heat  endured  by  comets 

m,  592. 
Period,  Julian,  924.     Of  planets  (Ap- 

pendix). 
Ptriodic  time  of  a  body  revolving  at  the 

earth's  surface,  442.    Of  planets,  how 

ascertained,  486.    Law  of,  48.     Of  a 

disturbed  planet  permanently  altered, 

734- 

Periodical  stars,  820...    List  of,  825. 

Peripective,  oelestial,  114. 

Perturbations,  602... 

Peters,  his  researches  on  parallax,  815. 

Phases  of  the  moon  explained,  416.  Of 
Mercury  and  Venus,  465,  477.  Of 
superior  planets,  484. 

Photometrie  scale  of  star  magnitudes, 
780. 

Piazzi  discovers  Ceres,  505. 

Pigatt,  variable  stars  discovered  by,  824^. 

Places,  mean  and  true,  374.  Geometric 
and  heliocentric,  371,  497. 

Planetary  nebuls,  876... 

Planets,  456.  Zodiacal  and  liltra-zo- 
diacal,  457.  Apparent  motions,  459. 
Stations  and  retrogradations,  459.  Re- 
ference to  sun  as  their  centre,  462. 
Community  of  nature  with  the  earth, 
463.    Apparent   diameters   of,  464. 


Phases  eX,  466.   Inferior  and  floperior, 

467.  Transits  of  {8u  Transit).  Mo- 
tions explained,  468.  Distances,  kow 
concluded,  471.  Periods,  how  feon^ 
472.  Synodical  revolution,  472.  Supe- 
rior, their  stations,  and  retrogradations, 
48*'>.  Magnitude  of  orbits,  how  con- 
cluded, 485.  Elements  of,  495.  {Set 
Appendix  for  Synoptic  Table.)  Dens- 
ties,  508.  Physical  peculiarities,  dbc* 
509...  niustration  of  their  relative 
sizes  and  distances,  526. 

Plantamour,  his  calculations  respectiiig 
the  doable  comet  of  Biela,  583. 

Pleiades,  865.  Assigned  by  Madler  as 
the  central  point  of  the  sidereal  syatem, 
861. 

Ptumb-linc,  direction  of,  23.  Use  oi^  in 
observation,  175. 

Polar  distance,  105.  Point,  on  a  morml 
circle,  170,  172. 

Poles,  83.    Of  ecliptic  307. 

Pole^tar,  59.  Useful  for  finding  the 
latitude,  171.  Not  always  the  aame, 
318.  What,  at  epoch  of  the  building 
of  the  pyramids,  3 1 9. 

Pores  of  the  sun's  surfece,  387. 

Position,  angle  of,  204.   Micrometer,  t6. 

Precession  of  the  equinoxes,  312.  In 
what  consisting,  3 1 4...  Effects,  313. 
Physical  explanation,  642... 

Praesepe,  Cancri,  865. 

Priming  and  lagging  of  tides,  758. 

Principle  of  areas,  490.  Of  forced  vibrm^ 
tions,  650.  Of  repetition,  198.  Of 
conservation  of  vis  viva,  663.  Of 
collimation,  178. 

Problem  of  three  bodies,  608. 

Problems  in  plane  astronomy,  127... 
309... 

Projection  of  a  star  on  the  moon's  limb, 
414,  note. 

Projections  of  the  sphere,  280.. 

Proper  motions  of  the  stars,  852.  Of 
the  sun,  853. 

R. 

i2a(2ia/ disturbing  force,  615.^ 
Radiation,  solar,  on  planets,  508.     On 

comets,  592. 
Rate  of  clock,  how  obtained,  293. 
Reading  oS,  method  o^  165. 
ReJUxion,  obwrvations  by,  173. 
Refraction,  38.    Astronomical  and  its 

efiect^  39,  40.    Measure  of,  and  law 
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of  variation,  43.    How  detected  by 

obgenraUon,  142.  Terrestrial,  44.  How 

best  investigated,  191. 
RqietiHon,  principle  o^  198. 
Ruutance  of  ether,  577. 
Retrogradaium*  of  planets,  459.     Of 

nodes.    {See  Nodes.) 
JUuat  548,  note. 
Right  aseensionf  108.  How  determined, 

293. 
Rings  of  Saturn,  dimensionB  of,  514. 

Phenomena    of  their  disappearance, 

515...  Eqailibriam  of,  518».  Multiple, 

521,  and  Appendix.     Appearance  of 

from  Saturn,  522.,  Attraction  of  on 

a  point  within,  735,  note. 
RitienhousCf  his  principle  of  ooUimation, 

178. 
Roiatimit  diurnal,  58.    Parallactic,  68. 

O^  planets,  509...     Of  Jupiter,  512. 

Of  fixed  stars  on  their  axes,  820. 

S. 

Soros,  426. 

Satellites,  of  Jupiter,  511.  Of  Saturn, 
518,  .'^47.  Discovery  of  an  eighth 
(Appendix).  Of  Uranus,  523,  552. 
Of  Neptune,  524,  553.  Used  to  de- 
termine  masses  of  their  primaries,  532. 
Obey  Kepler's  laws,  533.  Eclipses  of 
Jupiter's,  635...  OUier  phenomena  of, 
540.  Their  dimensions  and  masses, 
540.     Discovery,    544.     Velocity  of 

*    light  ascertained  from,  545. 

Saturn^  remarkable  deficiency  of  density, 
508.  Rings  of,  514.  Physical  de- 
scription of,  514.  Satellites  of,  547, 
and  appendix.  {See  also  elements  in 
Appendix.) 

Sea,  proportion  of  its  depth  to  radius  of 
the  globe,  31.  Its  action  in  modelling 
the  external  form  of  the  earth,  227. 

Seasons  explained,  362...  Temperature 
of,  366. 

Sector,  zenith,  192. 

Secular  variations,  655. 

Selenograpky,  437. 

Sextant,  193... 

Shadotu,  dimensions  of  the  earth's,  422, 
428.  Cast  by  Venus,  467.  Of  Jupi- 
ter's satellites  seen  on  disc,  540. 

Shooting  stars  used  for  finding  longitudes, 
265.   Periodical,  900.    {See  Meteors.) 

Sidereal  time,  110,  910.     Tear.    {See 
* '     Year.)   Day.   {See  Day.) 


Signs  of  zodiac,  380. 

SmiM,  its  parallax  and  absolute  light, 
818. 

Solar  cycle,  921. 

Inhere,  95.  Projections  of,  280.  At- 
traction of,  735,  note. 

Sphermdal  form  of  Earth  {see  Earth) 
produces  inequalities  in  the  moon's 
motion,  749. 

Spots  on  Sun,  389... 

Stars,  visible  by  day,  61.  Fixed,  777... 
Their  ai^rent  magnitudes,  778... 
Comparison  by  an  astronomer,  783. 
Law  of  distribution  over  heavens,  785... 
Alike  in  either  hemisphere,  794.  Paral- 
lax of  certain,  815.  Discs  of,  8 16.  Real 
size  and  absolute  light,  8 1 7.  Periodical, 
820...  Temporary,  827.  Irregular,  830, 
MiBsing,832.  DoubIe,833...  Coloured, 
85 1 ,  and  note.  Proper  motions  of,  852. 
Irregularities  in  motions  not  verified, 
859.  Clusters  of,  864...  Nebulous, 
879...  Nebulous-double,  880.' 

Stationary  points  of  planets,  459.  How 
determined,  476.  Of  Mercury  and 
Venus,  476. 

Stereographic  projection,  281. 

Stones,  meteoric,  898.  Great  shower  of, 
ib. 

StrUve,  his  researches  on  the  law  of  distri- 
bution of  stars,  793. .  Discovery  of  pa- 
rallax of  a  Lyrie,  813.  Catalogue 
and  observation  of  double  stars,  835. 

StrUve^  OttOt  his  researches  on  proper 
motions,  854. 

StylCt  old  and  new,  932. 

Sun,  oval  shape  and  great  size  on  horizon 
explained,  47.  Apparent  motion  not 
uniform,  34.  Orbit  elliptic,  349.  Great- 
est and  least  distances,  350.  Actual 
distance,  357.  .Magnitude,  358.  Rota- 
tion on  axis,  359,  390.  Mass,  360. 
Physical  constitution,  386.  Spots,  t^^. 
Situation  of  its  equator,  390...  Macu- 
liferous  zones  of,  393.  Atmosphere, 
395.  Temperatare,396.  Expenditure 
of  heat,  397.  Eclipses,  420.  Density 
of^  447.  Natural  centre  of  planetary 
system,  462.  iDistance,  how  determin- 
ed, 479.  .Its  size  illustrated,  526. 
Action  in  producing  tides,  751.  Pro- 
per motion  of,  854...  Absolute  velocity 
of  in  space,  858.  Central,  speculations 
on,  861. 
Sunsets,  two,  witnessed  m  one  day,  26^ 
Survey,  trigonometrical  nature  of,  274. 
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Synodic  Terolution,  4L8.  Of  nm  and 
mooDi  ib, 

T. 

Tangentkd  force  and  its  effects,  618. 
Momentary  action  on  perihelia,  673. 
Wholly  influential  on  velocity,  660. 
Prqducea  Tariations  of  axis,  t6.... 
Doubles  the  rate  of  advance  of  lunar 
apaidaa,  686.  Of  Neptune  on  Uranus, 
and  its  effects,  774. 

Telescope,  154.    Its  application  to  astro- 
nonuqd  instrument^  117. 
4  Telescopic  sights^  invention  of,  158,  note. 

TempercUure  of  earth^s  surface  at  different 
seasons,  366.  In  South  Africa  and 
Australia,  369.    Of  ihe  sun,  396. 

Teiht/s,  548,  note. 

Theodolite,  192.  Its  use  in  surveying, 
276. 

'Theory  of  instrumental  errors,  141.  Of 
gravitation,  490..,  Of  nebulous  subsi- 
dence and  sidereal  aggregation,  872. 

Tides^  a  system  of  forced  oscillations,  651. 
Explained,  750.«  Priming  and  lagging 
of,  753.  Periodical  inequalities  of, 
755.     Instances  of  very  high,  756. 

TIkiU!,  sidereal,  110,  327,  911.  Ix)cal, 
129^  152.  Measures  angular  motion, 
149.  How  itself  measured,  150...  Very 
small  intervals  of,  150.  Equinoctial, 
257,  925...  Measures,  units,  and 
reckoning  of,  906... 

TUan^  548,  note. 

Titius,  Prof.,  his  law  of  planetary  dis- 
tances, 505,  note. 

TVade  winds,  239... 

Dransit  insirumentj  159.^ 

Dransits  of  stars,  1 52.  Of  planets  across 
the  sun,  467.  Of  Venus,  479...  Mer- 
cury, 483.  Of  Jupiter^s  satellites  across 
disc,  540.  •  Of  their  shadows,  549. 

Transparency  of  space,  supposed  by 
Olbers  imperfect,  798. 

Transversal  disturbing  force,  and  its 
efiects,  6i5.M 

71r^wiom«/nca/ survey,  274. 

Tropics,  93,  380. 

Twilight,  44. 


U. 

Umbra  in  eclipses,  420. 
538. 


Of  Jupiter, 


Vranogre^hy,  111,  300. 

Uranographieal  corrections,  343«. 
Uems,  127... 

Uranus,  discovery  o^  505.  Heat  re- 
ceived from  sun  by,  508.  Physical 
description  of,  523.  Satellites  of,  551. 
Perturbations  of  by  Neptune,  760^ 
Old  observations  of,  760. 


V. 

Vanishing  point  of  parallel  linee,  116. 
Line  of  parallel  planes,  117. 

Variation  of  the  moon  explained*  705 ». 

Variations  of  elem«nts,  663.  Periodical 
and  secular,  655.  Incident  on  the 
epoch,  781. 

Velocity,  angular,  of  sun  not  unilbnn, 
350.  Linear,  of  sun  not  uniform,  35 1 . 
Of  planets,  Mercury,  Venti8,and  Earth, 
474.  Of  fight,  545.  Of  shooting  stars, 
899,  904. 

Ventts,  synodic  revolution  of,  478.  8ta^ 
tionary  points,  476.  Velocity  of,  474. 
Phases,  477.  Point  of  greatest  bright- 
ness, 478.  Transits  df,  479.  Physi- 
cal description  and  appearance,  509. 
Inequality  in  earth's  motion  produced 
by,  726.    In  that  of  the  moon,  743«. 

Vernier,  97. 

Vertical,  prime,  102.     Circles,  100. 

Vesta,  discovery  of,  505. 


W.  * 

Weight  of  bodies  in  different  latitudes, 
322.  Of  a  body  on  the  moon,  508. 
On  the  sun,  450. 

Winds,  trade,  240.. 

y. 

Year,  siderial,  305.  Tropical,  383. 
Anomalistic,  884,  and  day  incommen- 
surable, 913.  Leap,  9 1 4»  Of  confu- 
sion, 917.  Beginning  of,  in  England 
changed,  932. 

Z. 

Zeniih,  99.    Sector,  192. 

Zodiac,  305. 

Zodiacal  light,  899. 

Zones  of  climate  and  latitude,  882. 
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CATALOGUE 

OF 

LEA  AND  BLANCHARD'S 

PUBLICATIONS. 
THE  AMERICAN  ENCYCLOPiEDIA. 

BROUGHT  DP  TO  1847. 


THE  ENCYCLOPEDIA  AMERICANA: 

A  POPULAR  DICTIONARY 

OF  ARTS,  SCIENCES,  LITERATURE,  HISTORY,  POLITICS 

AW  BIOGRAPHY. 

IN  FOtTRTEEN  LARGE  OCTAVO  VOLUMES  07  OVER  SIX  HUNDRED  D#UBXiE 

COLUMNED  PAGES  EACH. 

For  lale  venr  low*  in  various  ttjlet  of  Undinf. 

Daring  the  long  period  which  this  work  has  been  before  the  public,  it 
hu  attained  a  very  high  character  as  an 

ENCYCLOPEDIA  FOR  DAILY  REFERENCE, 

Containing,  in  a  comparatively  moderate  space,  a  vast  quantity  of  informa- 
tion which  is  scarcely  to  be  met  with  elsewhere,  and  of  the  exact  kind 
which  is  wanted  in  the  daily  exieencies  of  conversation  and  reading.  It 
has  also  a  recommendation  shared  by  no  other  work  of  the  kind  ndw  before 
the  public,  in  beine  an  American  book.    The  namerous  American  Biogra- 

fhies,  Accounts  olAmerican  Inventions  and  Discoveries,  References  to  our 
'olitlcal  Institutions,  and  the  cenml  adaptation  of  the  whole  to  our  own 
peculiar  habits  and  modes  of  tnou^t,  peculiarly  suit  it  to  readers  in  this 
country.    From  these  causes,  it  is  also  especially  fitted  for  all 

DISTRICT  SCHOOL  AND  OTHER  PUBLIC  UBRARIES, 

in  some  of  which  it  has  been  tried  with  great  satisfaction.  It  fulfils,  to  a 
greater  extent  than  perhaps  any  similar  work,  tha  requirements  for  these 
institutions,  presenting,  in  a  small  compass  and  price,  the  materials  of  a 
library,  and  tumishing  a  book  for  every-dav  use  and  reference,  indispensable 
to  those  removed  from  the  large  public  collections. 

SoTOA  years  having  elapsed  since  the  original  thirteen  volumes  of  the 
ENCYCLOPiEDIA  AMERICANA  Wre  published,  to  bring  it  up  to 
the  present  day,  with  the  history  of  that  period,  at  the  request  ofnumerous 
subscribers,  the  publishers  have  just  issued  a 

SUPPLEMENTARY  VOLUME  (THE  FOURTEENTH), 

BRINGING  THE  WORK  UP  TO  THE  YEAR  1847. 

BDITBD  BT  HENRY  Vl^THAKB,  LL.D. 

^o«-fttnroit  sad  Praftnor  of  ICathematici  in  Um  Vvtrmatj  oT  Fean^flvsnla,  Aattor  of 

"A  TnMm  oa  Fblitical  Eoonomj." 

In  one  large  octavo  volume  of  over  650  double  columned  pages. 


' 


If  I. 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 


1 


ENCYCLOP^DtA   AMERICANA. 


^e  nnineroiis  aubscdben  who  have  been  waiting  the  completion  of 
vofaune  can  now  peifect  riieir  seta,  and  aU  who  want 

A  REGISTER  OF  THE  EVENTS  OF  THE  LAST  FIFTEEN 
TEARS,  FOR  THE  WHOLE  WORLD, 

can  cA>taiQ  thia  Tolnme  separately  t  price  Two  DoUan  nneut  in  dodi,  or 
Two  DoUara  an;d  Fifty  Centa  in  leather,  to  match  the  stylea  in  which  the 
publLahers  hai0  been  selling  sets. 

Sttbscribera  in  the  Isrge  cities  can  be  supplied  on  application  at  any  of  the 
principal  bookstores  ;  and  persons  residing  in  the  country  can  have  their 
sets  raatdied  by  sending  a  Yolnme  in  chaige  of  friends  yisiting  the  city. 

Complete  sets  furnished  at  very  low  prices  in  various  bindings. 

*  TtM  pobliriMn  of  the  Enqrcldpadia  Americana  oonfbrrad  aa  ohHgatinii  on  tha  pobUe  whan, 
firartMn  jaan  asa,  thaj  baoad  tha  thhtaen  ToliuDea  txom  thair  ptnm.  naj  aontdnad  a  voodar- 
lU  axaooat  of  infonnatioa,  npon  almoat  eraty  ntiect  which  would  ba  Ukalj  to  ooeapsr  paUio 
•ttantion,  or  ba  tha  theme  of  conranation  ia  the  pilvite  drda.  Whatever  one  woold  wUi  to 
inquire  about,  it  aeamad  onlj  Booeaaaiyto  dip  into  the  Enflj^olopadia  Americana,  and  than  tha 
outline,  ot  laaat,  woold  ba  fomd,  and  raferanee  oude  to  thoae  worica  which  treat  at  laiga  vpoo  tha 
anhjact.  It  waa  not  itnnga,  therefbre,  that  the  work  waa  popolar.  Bat  in  fimrtaaa  jma,  great 
eventa  ooonr.  The  last  Ibvrtoea  yaanhata  been  foil  of  tham,  and  great  diaooTeriea  Hucn  been 
madafnaoienoaaandthaaita;  and  great  man  baitabiir^lM^oMiUDaaded  their  Bavea  amldaada 
to  the  itdalitj  of  the  Uographar,  ao  that  tha  BacfdoiMBdia  that  aiipioadiad  parfectiaa  in  tSSi, 
might  (all  oonaideiably  behind  hi  IMB.  To  bring  op  the  woili,  and  keep  it  at  tha  pcaiant  point,  baa 
been  a  taak  aaanmed  ty  VroUtmi  Vathaha,  of  tha  Peaaqrlnmia  Unirerritf,  a  gentleman  entiraly 
oompatant  to  anch  an  ondaitaking;  and  with  a  diipoaitinB  to  do  a  good  wocfc,  he  haa  aappOada 
aapplemenlaiy  Tolnma  to  tha  main  work,  conaeponding  b  aiza  and  axrangamenta  fherawith,  and 
baoommg,  indeed,  a  fooiteenth  rolome.  Tie  author  haa  baan  amaedingly  indoatriana,  and  ^nsj 
fortunate  in  diaeOToring  and  aelectfng  matarial8,  nshig  all  Hud  Ganaaoj  haa  piaaantad,  and  reaoit- 
Ing  to  eveiy  Rpedes  of  mformation  of  erenta  eoonaotad  with  the  plan  of  tha  work,  aiiioa  tha  pnlK 
llcatlon  of  the  thirteen  Tolnmea.  He  haa  oontiauad  artiolaa  that  were  commenced  in  that  work, 
and  added  new  articles  upon  adenoe,  biograpliy,  hlstorri  snd  gaogniphjr,  ao  ai  to  make  the  yiaaent 
Tolume  a  neceaaary  appendage  in  oomplelbg  fteta  to  the  other.  Tha  pabUahaia  daaarra  tha 
thanka  of  the  readera  of  tha  Tolnme,for  tha  handaoine  type,  and  dear  white  paper  thaj  have  need 
in  tha  pobUcatioa.**— CWfaf  State  OoMtUt, 

"  Tlua  Toloma  ia  worth  ownfaig  by  itaelf,  ai  a  moat  coavenient  and  reliable  oompend  of  recent  IS»> 
toiy,  Bioiraphy, » iitlrtir»,  dtc,  te.  The  anlira  work  forma  tha  ohaapeat  and  probably  now  tha 
aoat  deainMa  ftieydcpiadia  ptfilMiad  for  papular  ma,"— >Wt  Taf*  T>  a—ii 

**  The  ConTenationa  Lexfcxu  (Xncgrd<9«dia  Americana)  baa  became  a  bonaahold  book  ta  all  tiM 
tatelligent  fluniliea  hi  America,  and  ii  nndoobtadly  tha  beat  dapoaitoiy  of  Mographloal,  hiatocical, 
geographfcal  and  political  tnfonnation  of  that  kind  whidi  diaeriminating  readera  n^piin/'—Siai^ 


^iAaHa«a^a4i^&       Viyi^^ft 

lafwuatwWL    vrMa 


*<Thia  Tolnme  of  the  Enajdapedla  ia  a  WesbnlBatar  Abbey  of  Amarinaa 
BBiea  are  on  tha  roll  ahma  1833!**— N.  7.  Xltorary  TTaril 


"  The  work  to  whksh  thia  TotaoM  fonna  a  aopplaiMat,  ia  < 
that  hM  aver  been  made  to  tiie  litarttnre  of  onr  oonntiy.  Baaldea  oondenstag  into  a  oompasa- 
tivdy  nairaw  compaai,  the  aabalanca  of  laigar  vrorka  of  tha  wna  Uod  which  had  paaoadad  ft,  A 
contains  a  vaat  amount  of  informatfon  that  is  not  ebewhare  to  be  found,  and  la  diatfoguiahed,  act 
leaa  for  itaadmhrab1eaiTangamant,thaa  for  tha  variety  of  ful^jaelBAfvrhaDh  it  traatai  Thaprsaenfc 
volume,  which  ia  edited  hf  ooa  of  the  moot  diatfaiguiahed  acholara  of  our  oountiy,  ia  worthy  to 
foDow  ia  tha  Cninefthoaa  which  haw  preceded  It  It  ia  a  raBuurkabtyfoUdtooa  ceadanaatioa 
of  tha  mora  recent  bnprovomanta  ta  adanoa  and  tha  arts,  baddaa  forariag  a  vany  imputtant  addi- 
tion to  tha  dapaitnaBt  «f  Btegiaphy»  tha  ganaial  prqptii  of  i 
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LEA  AND  BLANCHARD'S  PUBLICATIONS. 

CAMPBELL'S  LORD  CHANCELLOBS. 

NOW  COMPLETE. 


LIVES  OF  THE  LOUD  CHANCELLORS  AND  KEEPERS  OF  THE 

GREAT  SEAL  OF  ENGLAND, 

IKOM  THB  KAAIilSST  TTMBfl  TO  THK  REIOll  OF  090  GEOBOK  IT., 

B7  JOHN  LORD  CAMPBELL,  A.M.,  F.R.S.B. 

Complete  in  eeren  neat  Tolumee  in  demy  octaTO,  extra  doth. 

Brmging th» w&rkicth€ death qfLord  JBUoti,  m  1838. 

<*  ft  to  M^HM^Mt  fir  w  to  thank  Lord  CampteU  tat  the  hoMit  indoitrr  ^"^^h  iviiich  ho  haa  thw  flur 
pwaecntod  hk  laxgo  taak,  the  feaend  candor  and  libenlitj  with  which  ha  haa  analjaad  tha  IiTea 
and  oharactan  of  a  loaf  soceaaiioB  of  influantial  magtotratei  and  miniatan,  and  tha  manly  atyle 
of  hia  nanativa.  Wa  naed  hardly  aay  that  we  shall  expect  with  great  intereat  the  continaatioB 
of  thto  perfomuuiee.  Bat  the  preient  aeries  of  itself  is  more  than  aufflcient  to  gira  Lord  CamphaQ 
a  high  atatioQ  among  the  Euirliah  aathon  of  his  age."— QKorfer^  Revimv. 

"  The  Tolames  teem  with  exciting  incidenta,  aboond  in  portraita,  dcetchea  and  anaodotaa,  and  an 
at  onoe  interesting  and  instractiTa.  Tbe  work  to  not  only  historical  and  biognphical,  but  it  to 
anecdotal  and  philosophicaL  Maoy  of  the  chapteia  embody  thrilling  incidents,  while  as  a  whole, 
Um  pfiblicatkm  may  be  regarded  as  of  a  high  intellectual  oider/— JnffMrer. 

"A  wori(  in  three  handaome  octayo  Tolumee,  which  we  ahall  regard  aa  both  an  ornament  and  an 
honor  to  our  libraiy.  A  History  of  the  Lord  Ctiancellon  ct  England  from  the  institution  of  tha 
oflloe,  to  neceanrily  a  History  of  the  Constitntion,  the  Court,  and  the  Jurisprudanoe  of  the  King- 
dom, and  thaaa  volumes  teem  with  a  world  of  collateral  matter  df  the  liTUieat  ciwracter  Ibr  the 
general  reader,  aa  well  as  with  much  of  the  deepest  interest  ibr  the  professional  or  philosophical 
mind.**— &iterdav  Cwher. 

"The  briUiant  suocess  of  thto  work  in  England  to  by  no  meana  greater  tlian  ita  merita.  It  to 
eartainljr  tha  most  brilliant  contribution  to  English  history  made  within  our  recollection ;  it  haa 
tha  okaim  and  freedom  of  Biography  conbinad  with  the  elaboiate  and  careftil  oomprahansivenasi 
of  Htotory."— M  Y.  TH&mw. 

MURRAY'S  ENCYCLOPAEDIA  OF  GEOGRAPHY, 
THE  ENCYCLOPEDIA  OF  GEOOflAPHY, 


A  COMPLETE  DESCRIPTION  OF  THE  EARTH,  PHYSICAL, 

STATISTICAL,  CIVIL  AND  POLITICAL. 

KXRiamKa 

rrS  BELATION  TO  THE  HEATENLY  BODIESlJTS  PHYSICAL  8TRUCTU1UL  THE 
NATOKAL  HISTORY  0?  EACH  COUNTRY,  AND  THB  INDUSTRyT^ 
COMMERCE,  POUTICAL  INSTTrUTlONS,  AND  CIVIL 
AND  SOCIAL  STATE  Of  ALL  NA^ I0N9. 

BY  HUGH  MURRAY,  P.R.S.E.,  fyx. 

Aastotad  in  Botany,  by  Profeasor  HOOKERoZooIogy,  4to.,  bt  W.  W.  SWAIKSON-^AstNaoaay.  te., 
bgr  Pnhimt  WALLAGB-GeokiS;  ^to.,  Vr  Ftoteaor  JAMESON.        ^^ 

aiBVIBBD,  WITH  ADDITIOHB, 

BY  THOMAS  G.  BRADFORD. 

THE  WHOLE  BROUGHT  UP,  BY  A  SUPPLEMENT,  TO  1841 
In  three  large  octavo  vohtmea. 

YAaiOUS  8TTLI8  OF  BINDIKO. 

This  great  work,  famished  at  a  remarkably  cheap  rate,  contains  about 
NiirBTBBir  HuNDRBD  LAROB  IMPERIAL  Pages,  and  'iB  illustrated  by  Eighty- 
Two  SMALL  Maps,  and  a  colored  Map  of  thb  Uititkd  States,  after  Tan- 
ner's, together  with  about  Elstsn  Hunorbd  Wood  Cuts  executed  in  the 
best  style. 
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LEA  AND  BLANCHARD'S  PUBLIC  ATI  O  MS. 


STRICKLAND^S  QUEENS  OF  ENGLAND. 

A  NEW  AND  ELEGANT  EDITION 

OF 

LIVES   OF   THE   QUEENS   OF    ENGLAKD, 

FROM  THE  NORMAN  CONQUEST; 

WITH  AN£CIXrr£S  OP  TjmR  COUBTS,  NOW  FUtST  FUBUSBSD  UUM  OFFICIAL 

RECORDS  AND  OTHER  AUTHENTIC  DOCUAIENTS,  PRIVATE  AS  WELL  AS  FUBUa 

KBW  HDinOir,   WITQ  ADDITIONS  AND  COEBBCTION 8. 

AOITBS   STRIOKIiAVD. 


up  in  noh  floctn  crimson  doth,  and  sold  at  a  cheaper  rase  uanrormer  eiStionL 

Toluxne  One,  of  nearly  seven  hundred  lar^e  pages,  containing  Volumes 
One,  Two,  and  Three,  oithe  duodecimo  edition,  and  Volume  Two,  of  more 
than  six  hundred  pages,  containing  Volumes  Four  and  Fi?e  of  the  12mo., 
have  just  been  issuedl  The  remainder  will  follow  rapidly,  two  volumes  in 
one,  and  the  whole  will  form  an  elegant  set  of  one  of  the  most  popular  his- 
tories of  the  day.  The  publishers  have  gone  to  much  expense  in  pre- 
paring this  from  the  revised  and  improved  London  edition,  to  meet  the  fre- 
quent inquiries  for  the  ''  Lives  of  the  Queens  of  England,  in  better  style, 
larffer  type,  and  finer  paper  than  has  heretofore  been  accessible  to  readers 
in  this  country.    Any  volume  of  this  edition  sold  separately. 

A  few  copies  still  on  hand  of  the  Duodecimo  Edition.  Ten  volumes  are 
now  ready.  Vol.  I. — Contains  Matilda  of  Flanders,  Matilda  of  Scotland, 
Adelicia  of  Louvaine,  Matilda  of  Boulogne,  and  Eleanor  of  Aquitaine. 
Price  50  cents,  in  fancy  paper.  Vol.  II.— ^erengaria  of  Navarre,  Isabella 
of  Angouleme,  Eleanor  oi  Provence,  Eleanor  of  Castile,  Margnierite  of 
France,  Isabella  of  France,  Philippa  of  Hainault,  and  Anne  of  Bohemia. 
Price  50  cents.  Vol.  Ill, — Isabella  of  Valois,  Joanna  of  Navarre,  Katha- 
rine of  Valois,  Margaret  of  Anion,  Elizabeth  Woodville,  and  Ann  of  War- 
wick. Price  50  cents.  Vol.  I V. — Elizabeth  of  York,  Katharine  of  Arragon, 
Anne  Boleyn,  Jane  Seymour,  Anne  of  Cleves,  and  Katharine  Howard. 
Price  65  cents.  Vol.  V. — ^Katharine Parr  and  Queen  Mary.  Price  65  cents. 
Vol.  VI.— Queen  Elizabeth.  Price  65  cents.  Vol.  VII. — Queen  Elizabeth 
(continued),  and  Anne  of  Denmark.  Price  65  cents.  Vol.  VI 11. — ^Henrietta 
Maria  and  Catharine  of  Braganza.  Price  65  cents.  VoL  IX.-^Mary  of 
Modena.  Price  75  cents.  Vol.  X.— Mary  of  Modena  (continued),  and 
Mary  II.    Price  75  centa. 

Any  voluiae  sold  separately,  or  the  whole  to  matcb  in  neat  grooa  doth. 

JDST  FT76LISHED 

VOXitrMB    TBN: 

ooKTAiirora 

MARY  OF  MODENA,  AND  MARY  II. 

Price  75  cents  in  fancy  paper. — Also,  in  extra  green  cloth. 


**T1iea8Tolnniea  have  the  fiMcfaiatf  on  of  a  ivnianoe  nnited  to  the  inteffritf  of  Imftoiy.'*--*^ 

*  A  moat  valoable  and  antartalnhat  work.'^— ClkroMcfe 

"Thia  intereating  and  well-wiittan  woric,  in  irhieh  the  aevera  trath  of  histoiy  takea  almoat  the 
wildneai  of  romance,  will  constitute  a  valuable  addition  to  our  biographical  literature.^—lroniiv 
ArttU. 

*  A  valnable  oontribution  to  hiitoncal  knowledge,  to  fonny  peraoBt  eapeelalljr.  It  antaina  n 
man  of  ereir  kind  of  historical  matter  of  interest,  which  indoatry  and  research  ooold  ooUoot.  Wb 
have  deriTea  much  enteitainnient  and  instmctioa  from  the  'm]trkJ'-*AiJtaUntm. 

*'Theexecationof  thia  work  ia  equal  to  the  conception.  Great  petastaire  bee*  tnken  to  itnke 
it  both  interesUnff  and  valoable."— Huovrf  GasetU. 

**  A  charmins  woric— Adl  of  tntereet,  at  onoe  serious  and  pleasing."— AfbniiMr  OnboL 

"  A  most  eharminf  Uographical  memoir.  We  conclude  bf  ezpressinff  our  ungonlifled  opiidOB, 
that  we  knowof  nonusre  nUnable  contribution  to  modem  hatoiy  then lua  nincS  wdome  of  ^^ 
Strickland's  lives  of  the  Queens."— JUorwv  MmM. 
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ROSCOE'S  UVES  ftF  THE  KIH6S  OF  ENGLAHD. 

TO  MATCH  mSS  STRICKLAND'S  "QUEENS/* 

LIFE  OF  WILLIAM  THE  CONQUEROR. 

Ib  neat  toyal  daodeein*,  ttn:  doOu  or  fhaey  paper. 

"The  hMorical  iwder  will  find  this  «  work  of  peeoliar  Intemt.  It  displm throofhoDt  the 
BKWt  puw^akiDf  TCMareh,  and  a  Mjrto  of  namth«  which  lui*  idl  the  lueidny  ind  strenfiith  df 
Oibboa  It  is  a  worit  with  which*  aheddivf  nth.  a  jiiftit  m  we  ara  jostified  in  njiof  it  will  do 
iqN»  fiagjiib  history,  eraiyUbiwyoai^  to  bapimwdL'*-  ^  '~' 


»^yi»»N^^^^»^^»^^^»^M^^^»^»^^»^^v^^^»#^tffc^*»^irffc^»j 


MEMOIRS  OF  THE  LOVES.  OF  THE  POETS. 

Biographical  Sketches  of  Women  celebrated  in  Ancient  and 

Modern  Poetry. 

BT  MRS.  JAMIBSON. 
Id  oae  jojral  duodedino  TQlume,  priee  75  eenta. 

FREDERICK  THE  GREAT.  HIS  COURT  A?b  TIMES. 
EDITED,  WITH  AN   INTRODUCTION,  BY  THOMAS  CAMP- 
BELL, ESQ.,  AUTHOR  OF  THE  "PLEASURES  OF  HOPE." 
Second  Series,  in  two  daodecimo  volumes,  extra  cloth. 

HISTORY  OF   CONGRESS. 

EXHIBmNO  A  CLASSIFICATION  OF  THE  PROCEEDINGS  OF  THE  SENATE  AND  THE 

HOUSE  OF  REPRESENTATITOS,  FROM  1789  TO  1798.  EMBRACING  THE  FlRSl* 

TERM  OF  THE  ADMINISTRATION  OF  GENERAL  WASHINGTON. 

In  one  large  octavo  volume  of  over  700  pages,  price  only  $1.50. 
MOOBB*8IBgIiAliy^irOW^ 

THE  HISTORY  OP  IRELAND, 

ntOK  THE  BAKU2ST  KINGS  OF  THAT  REALM  DOWN  TO  ITS  LATEST  CHIEFS. 

In  two  octavo  volumes,  extra  cloth. 

mott  tixmbled  and  hit«r- 
Bmwhm  d  th«  work  ■■ 
4  volume  Miparata. 


ertinf 
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HISTORY  OF  THE  WAR  IN  FRANCE  AND  BELGIUM  (N  1816, 

CONTAININe  MINDTB  DVTAILS  OF  THE  B ATI  LIS  OF  QUATRE-BRAS,  LIGNY.  WAVRE 

AND  WATERLOO.  ' 

BT  OAPTAIN  W.  8IB6RNE. 
la  one  octavo  volume,  with  Maps  and  Plana  of  Battles,  &c.,  viz.: 

I.  Part  of  B«IgiDm,  Indicating  the  diatnbntion  of  the  anniei  on  onmmendnir  hoetflitles.    2.  Field 
of  Qoatie-Braa, at  3,o;clock].F.jl.  _ 3L^^^<^.%( Qaatre-Braa,  at l o.'cUick, P.M.   i  Jie|d  oQifoj, 


at  a  ((uaiter  past  2  o'clock,  ?.  M.   9.  Field  of  l^f,  at  half  pest  i  o'clock.'  P. 

loo.  at  a  quarter  past  11  o'clock,  A.  M.    7.  Field  prWaterlooiat  a  quarter  befofa  8  o'clocdr,  P.  M. 


9.  Field  of  Water- 


a  Field  of  Waterloo,  at  S  minutes  iMst  8  o'dooh,  P.  JC  $.  Field  of  Warre,  at  4  o'clock.  P.  M..  Itth 
June.  lOi  FleU  of  wavre,  at  4  o'clock,  A.  &L,  19tfa  Jana.  IL  Fait  M  France,  on  which  is  ihowa 
the  advaMM  of  tha  Allied  Armies  into  the  Kingdom. 

VBXT  BOOS  OF  aOCXJMIASTIOAI*  ZnCSVOBT. 

BY  J.  C.  I  GIESELER,  PROFESSOR  OF  THEOLOGY  IN  GOTIINGEN.    TRANSLATED 

FROM  THE  THIRD  GERMAN  EDITION,  BY  F.  CTNNlNGHAiL 

In  three  octaTo  volumes,  containing  over  1200  laxve  pafes. 

aZiBMSKTS  OF  WXVaBSAZ.  BZSTOBT, 

ON  A  NEW  AND  SYSTEMATIC  PlJlN,  FROM  THE  EARLIEST  TIlklES  TO  -nrE  TREATY 

OF  VDJTO*A,  TO  WHICH  IS  ADDED  A  SUUMAfir  OF  TflELBADINO 

EVENTS  SINCE  THAT  PERIOD. 

B7    H.   WHITS,   B.A. 

SIXTH   ▲MSaiCAir    SDITIOV,  WITH    ADDITIOKS 
BY  XOHK  8.  HART,   A.M. 

In  MM  large  royal  12mo.  volume,  neat  extra  cloth. 
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GRAHAME'S  COLONIAL  HISTORY, 


HISTORY  OF  THE  UNITED  STATES. 

FROM  THE  PLANTATION  OP  THE  BRITISH  COLONIES 

TILL  THEIR  ASSUMPTION  OF  INDEPENDENCE. 

SBOOVD  AMEBIOAN  SDITIOir, 

ENLARGED    AND    AMENDED, 

WITH  A  MEMOIR  BY  PRESIDENT  QUINCY. 

IN  TWO  LAROB   OCTAVO  TOLUMES,  KZTRA  CLOTH, 
WITH  A   PORTKAIT. 

Tbis  work  having  assumed  the  position  of  a  standard  history  of  this 
coontry,  the  publishers  have  been  inauced  to  issue  an  edition  in  smaller  size 
and  at  a  less  cost,  that  its  circalation  may  be  commensurate  with  its  merits. 
It  is  now  considered  as  the  most  impartial  and  trustworthy  history  that  has 
yet  appeared. 

A  tew  copies  of  the  edition  in  four  volumes,  on  extra  fine  thick  paper, 

price  eiffht  aollars,  may  still  be  had  by  gentlemen  desirous  of  procuring  a 

Deautiiui  work  for  their  libraries. 

**  It  ii  tmiremny  known  to  litemy  men  m,  in  its  ortainal  fonn,  on*  of  tiie  Miliest  hiitoriw  of 
thli  conntiy,  and  certainly  one  of  the  best  ever  written  bf  a  tanigam.  It  hai  been  oanataitif  and 
copiooaly  tiaed  by  eveiy  one  who  has,  Mnoa  its  appeaianM^  nolflitaken  the  histcKyof  this  oonntiT. 
In  the  oonne  of  the  memoir  prefixed  to  it,  it  n  vindiMted  tnm  the  aipenians  cast  on  it  by  hvr. 
Bancroft,  who,  nevertheless,  has  derived  trom  it  a  vast  amount  of  the  information  imd  docamentary 
material  of  his  own  ambidoiis,  able  and  extended  work.  It  b  issued  in  two  volmnes,  and  eanoot 
fiul  to  find  its  way  to  eveiy  libraiy  of  any  pretensifm8.-"lfas  York  Comer  and  Brnptirer. 

COOPER'S  NAVAL  HISTORY. 


HISTORY  OF  THE  NAVY  OF  THE  UNITED  STATES  OF  AMERICA, 

BY  J.  PENIMORB  COOPER. 

THIHD  SniTION,   WITH  COKKBCTIOKS  ASH  ADDITIOKS. 

Oonvlete,  two  Tolames  in  one»  noafc  extra  doth. 

With  a  Portrait  of  the  Anthor,  Two  Maps,  and  Portraits  of  Paul  Johm,  Baxhibiiwi, 
Dalb,  Prbblb,  Dboatur,  Portbr,  Puet,  amo  MoDoiiocMn. 

WRAXALL'S  HISTORICAL  MEMOIRS. 


HISTORICAL  MEMOIRS  OF  MY  OWN  TIMES, 

BY  SIR  N.  W.  WRAXALL. 

ONB    NEAT    TOLUXE,    BXTBA    CLOTH. 

Tut  is  th*  woik  for  which,  in  eoBsaqneim  of  too  trntfaital  a  jpoitrBitvre  of  CKUwrtae  IL,  tlw 
anthor  was  imprisoned  and  fined.  Taught  by  this  experienoa,  bk  sworeeding  meiMin  ha  ra^ 
piassud  until  after  his  death. 

WRAXALL'S  POSTHUMOUS  MEMOIRS. 
POSTHUMOUS  MEMOIRS  OF  HIS  OWN  TIMES, 

BY  SIR  N.  W.  WRAXALL. 

IS  OITB  yOLUXB,  BXTBA  CLOTH. 

Hits  WQilc  eontaini  maoh  ascrst  and  amaiBg  aiiMdato  of  tiNisnadaHftpirtaufaa  of  cIm  daft 
which  nndered  its  posthumons  publication  neoessaij. 
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WALPOLE'8  LETTERS  AND  MEMOIRS. 

THE  LETTERS  OB  HORACE  WALPOLE,  EARL  OF  ORFORD, 

COHTAIKZHQ  HBAALT  TH&BS  HUITDRI])  LSITBBS. 
NOW  IIBBT  FUBUSHK)  FROM  THE  OUOINAU,  AND  FOSMINO  AS  UNUnVB- 

RUFTED  SERIES  FROM  173A  TO  1797. 

la  ionr  laige  octaTO  Tolumec,  with  a  portrait  of  the  Author. 

SUPPRESSED  LETTERS, 

THE  LETTERS  OF  HORACE  WALPOLE,  EARL  OF  ORFORD, 

TO  SIR  HORACE  MANN,  FROM  1760  TO  1785. 

VOW  FX&8T  PX7BLX8HBD  FBOM  THE  OHiaiKAL  M88. 

In  two  oetavo  TolameB,  to  match  the  above. 

W A Lm?sTEOR G E  TH E  TH I R D. 

MEMOIRS  OF  THE  REIGN  OF  KING  GEORGE  THE  THIRD, 

BY  HORACE  WALPOLE. 
VOW  FZR8T  PUBLISHBD  FBOM  THB  ORiaXVAL  M88. 

BDITBO,   WITH  II0TX8, 

BY  SIR  DENIS  LE  MARCHANT. 

ThMt  Ibmoin  oomprin  tho  fint  twelva  ytmn  of  the  rsign  of  Oens*  IIL :  waA  itoom— aJ 
tbaiDMlTM  eqteoiaUf  to  th«  nader  ia  this  country,  m  oontainiof  uk  aooount  of  too  •vAf  trooblM 
wtth  AiMriok    Tiaejr  form  a  Mquol  to  tbo  "  Mtinoin  of  G«oife  tbo  SaooDd,"  bj  the  nune  aathor. 

BROWNING'S  HUGUENOTS. 

HISTORY  OF  THE  HUGUENOTS-^  NEW  EDITION, 

COHTINUBD    TO    THB    PRBSBHT    TIMB. 

BY  W.  S.  BROWNING. 

In  one  large  octavo  volume,  extra  cloth. 
*  Cm  at  tte  SMMt  iatanttioff  and  faluaUa  oontribntioni  to  modem  Uatoay.' 


**  Not  tlw  leaat  iBtonatlBf  poitloii  of  the  work  haa  ntnwuob  to  tlia  violMo*  and  pantoataoaa 
ttVmr—Tlmm. 

Tnger^^ 

HISTORICAL  SKETCH  OF  THE  SECOND  WAR  BETWEEN 

THE  UNITED  STATES  OF  AMERICA  AND  GREAT 

BRITAIN,  DECLARED  BY  ACT  OF  CONGRESS, 

JUNE  18,  1812,  AND  CONCLUDED  BY 

PEACE,  FEBRUARY  15.  1815. 

BT  0HAAZ.II8  J.  XSrOBASOZ.!.. 

One  volume  octavo  of  516  pages,  embracing  the  events  of  1819—1813. 
Beautifully  printed,  and  done  up  in  neat  extra  oloth. 

BUSH'S  COURT  OF  LONDON. 

HEUOliNDA  OF  A  RESIDENCE  AT  THE  COURT  OF  LONDOK. 

COMFRISINO  INCaBENTS  OFnCIAL  AND  PERSONAL,  FROM  1819  TO  1825; 
orcLiniaio  vaooriATioifa  on  trx  okeoor  acnnoN,  ahd  omxa  VHanTun)  isuknon 


Ewnf  BitnordiBaiy  and  llinutar  Pleiupotentiaiy  firom  the  tJnited  Statoa,ftom  i«n7  to  Ml 
In  one  large  and  beautiful  octavo  volume,  extra  cloth. 
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NIEBUHR^S    ROME. 

TBS  BXdTOAY  or  A6MB, 

BY  B.  G.  NIEBUHR. 

OOMPLSTE  IN  TWO  LARCB  OOTAtb  VOXilTHBS. 

Done  up  in  extra  clotb ;  or  live  parts,  ptLpet^  price  91.00  each. 

The  last  three  puts  of  thte  Tslnable  book  have  neter  before  been  pahlttbed  in  tUa  eoontiT,  h«v- 
inf  oaly  lately  been  printed  in  Germany,  and  translated  in  Eaglend.  The  two  last  of  these  com- 
pnse  Professor  Niebohr's  Leotores  on  the  latter  part  of  Aouaa  History,  so  long  lost  to  the  world. 

"  It  is  nn  nnexpected  amprhe  ani  pleasure  tolhaadniren  of  Xjebahiv-Uut  is,  to  all  eanest  stn- 
dents  of  ancient  history— to  recorer,  as  from  the  gsava,  the  lectures  before  as."— JSdeefic  Rniiw. 

"The  woxU  has  now  in  Kiebuhr  an  Unpeiiifaable  modeL'^JECN&wvft  JZamv.  Jen.  18U. 

"  Here  wo  cioea  onr  remartcs  upon  this  memonble  work,  a  work  which,  of  all  thai  have  araeant) 
in  our  age.  is  the  best  fitted  to  excite  men  of  leaminf  to  inteQecttoal  adiieity :  fin»m  which  tne  most 
accomplished  scholar  may  father  freah  stores  of  knowledge,  to  which,  the  most  ei(perieooed  politi- 
cian may  resort  for  theoretical  and  practical  histroction,  and  which  no  oerann  een  reed  ss  it  oufcht 
to  be  read,  without  feeiing  the  better  and  more  ganerona  eentimenls  of  nia  common  hmnan  nature 
enliTened  and  strengthened."— jBctm^iiTyA  Review. 

"  It  is  sinoe  I  saw  you  that  I  hare  been  devouring  with  the  most  intense  admjntion  the  third 
volume  of  Niebohr.  The  qlearaeas  and  oomprcbeneiTeneae  of  all  lus  aulEtaxr  qetaila  is  a  new 
feature  in  that  wonderful  mind,  and  how  inimimbly  beautiful  is  that  met  aeoooatof  TemL*^— Or. 
Arnold  (Life,  voL  iL)  .^.^^.^^^^^       ^^^,  ^_^..^_._..^  .-r.rr.-Li 

PROFESSOR  RANKERS  HfSTORICAL  WORKS. 

BXSTOH7   br  TBB   IPOPXlS, 

THEIR  CHURCH  AND  STAT£,  IN  THE  SfiCTEENTH  AND  SEVENTEKNTH  CENTDRIES. 

BY  X.EOl>OI.D  RAVKE. 

TBAxauiixn  paoM  ths  iabt  imnoK  or  Tax  uBXMAir.  bt  waltek  x.  krixt,  bm^  a.  ▲. 

In  two  parta,  paper,  at  f  1.00  each,  or  one  large  v(rittme,  extra  cloth.. 

"A  book  extraordinary  for  its  leanilng  and  tanpartlality,  and  for  its  ]ast  and  liberal  views  ef  the 
tiroes  it  describes.  The  beat  compliment  that  can  be  paid  io  Mr.  RaakOi  is,  that  each  side  has 
aocuaed  him  of  partiality  to  its  opponent:  the  German  Protestaats  conHftlaioiog  that  his  work  is 
written  in  too  Catholic  a  spirit }— the  Cttnolics  declaring,  that  Reneial^  impartial  as  he  is,  it  is 
elear  to  perceive  the  Protenant  tendency  of  the  lustory."— ZiomZon  Times. 


IN  THE  SUCTEENTH  CENTtmT  AND  BEGINNING  OF  THE  SBVBNTEERTH, 
BT  PROFESSOB  Z»BOPOI.I>  RANKS. 

TaAKax.ATKn  fbou  the  ulbt  sDmon  or  tbb  aiaukx,  at  waltxe  k.  kku.t. 
Coinplete  in  one  part,  paper,  price  75  cents. 

This  woit  vras  published  bv  the  author  hi  connexion  with  the  ^Hiatoir  of  the  Aipea," 
the  name  of  "  Sovereigns  and  Nations  of  Southern  Europe,  in  the  Sixteenth  and  Seventeenth 
Miiee."   It  may  be  osed  separately,  or  booad  up  with  that  work,  for  which  pocposa  two  titles  will 
be  found  in  it     ,,^,,.^.-,^.^..,,..,,..,.,,.,.,,.^^ 

mjSTOMrr  or  trb  RGroBscATTiovr  nr  oaBiKAinr, 

BY   PROFESSOR   LEOPOLD  RANKE. 
PARTS  FIRST,  SEOOND   AND   THIRD  BOW  READY. 

TKAN8t.ATSD  TUM  TRX  SECOVI)  KDmOM.  BT  aAXAR  AVWnS. 

Thbecomplettd  m Fix ports^ eat^  part  contaiHhtf  one votmie <ff  Ike lattion edltia^ 
Few  modem  writeia  posaeBS  such  qualifications  for  dofaig  nistioe  to  so  great  a  euhject  ss  Leo- 
1  Ranke.— Indcfiiticable  in  exertions,  he  revels  in  the  toil  of  examining  archives  and  state 
papers :  honest  in  porpofse,  ho  shapes  his  theories  from  evidence ;  not  Uke  D'Anbigne,  whose 


pold  Ranke.— 

papers:  honeaV  nt   ^ui|ruoo,  u»   aiiayos  um   uivucn*  tivm   OTiu«qc«j  nub  use   u  AWMfOiOf  w^ooso 

romance  of  the  Reformation  selects  evidence  to  support  preconoeived  theorr.    Ranke  never  ibrgets 
the  statesman  in  the  theologian,  or  the  historian  in  the  partisan."'— Attowian. 


B&0t7OBJLK  OV  THS  FBBXTOa  BBVOXiTmOW. 

One  volama  12nm.,  p^ter,  price  £0  cents. 

STUDIES  OF  THE  LIFE  OF  WOMAN. 

TROII  THB  FRRNCR  OF  MADAMB  NBCXER  DE  SAUSaDfUfi. 
In  one  neat  12mo.  volume,  fancy  pq>er.   Frioe  75  cents. 


THE  EDUCATION  OF  MOTHERS ;  OR,  CIVILIZATION  OF 

MANKIND  BY  WOMEN. 

PROM  THE  PRUNCH  OF  L.  AlltV  MARTtfT. 
In  one  Uhno.  vohnne,  paper,  pxlee  78  cents ;  or  in  extra  otodt 


n" 
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SMALL  BOOKS  ON  GREAT  SUBJECTS. 

A  SERIES  OF  WORKS 

WHICH  DESERVE  THE  ATTENTrON  OF  THE  PUBUC,  FROM  THE  VARIFTY  AND 

IMPORTANCE  OF  THEIR  SlTBJECTS,  AND  THE  00NCCSENES8  AND 

STRENGTH  WITH  WHICH  THEY  ARE  WRITTEN. 

TbiKf  fern  «  Mat  IflnoL  Miia^  in  i»par,  or  itioiic^doM  opm  three  neat  ▼olome^eztn  doth. 

THERE  ARE  ALREADY  PUBLISHED, 

No.  1.— FHnXJSOPHICAL  THEORIES  AND  PHILOSOPHICAL  EXPERIENCE. 

2.— ON  THE  CONNEXION  BETWEEN  PHYSIOLOGY  AND  WTELLECrTUAL  SCD^NCE. 
3.-ON  MAN»S  POWER  OVER  HIMSELF.  TO  PREVENT  OR  CONTROL  INSANITY. 
4.— AN  INTRODUCTION  TO  PRAC'nCAL  ORGANIC  CHEMISTRY,  WITH  REFER- 
ENCES TO  THE  WORKS  OF  DAVY,  I3RANDE,  LIEBIG,  &o. 
6.— A  BRIEF  VIEW  OF  GREEK  PHILOSOPHY  UP  TO  THE  AGE  OF  PERICLES. 
6.— pREEK  PHILOSOPHY  FROM  THE  AGE  OF  SOCRATES  TO  THE  COMING  OP 

aiRlST. 
7.— CHRISTIAN  DOCTRINE  AND  PRACTICE  IN  THE  SECOND  CENTURY. 
8.-.AN  EXPOSITION  OF  VULGAR  AND  COMMON  ERRORS,  ADAPTED  TO  THE  YEAR 

OF  GRACE  MDCCCXLV. 
9.-AN  INTRODUCTION  TO  VEGETABLE  PHYSIOLOGY,  WITH  REFERENCES  TO 

THE  WORKS  OF  D£  CANDOLLE.  LINDLEY,  6tc 
lO.-ON  THE  PRINCIPLES  OP  CRIMINAL  LAW. 
11. -CHRISTIAN  SECTS  IN  THE  NINETEENTH  CENTURY. 
U'-THE  GENERAL  PRINCIPLES  OF  GRAM&IAR. 

'*  We  are  glad  to  find  that  Heasn.  Lea  &  Blanchard  are  repriatiiig,  Ibr  a  qoaiter  of  their  original 
price,  this  admirable  series  of  little  books,  which  have  Justly  attracted  so  much  attention  in  Great 
Britain."— GniAam'«  Magazine. 

''The  writers  of  those  thoughtftii  treatises  are  not  laboarsni  for  hire ;  tiiey  are  men  who  have 
stood  apart  from  the  throng,  and  marked  the  moFemeilta  of  the  crowd,  the  tendendos  of  society, 
its  evils  and  its  erron,  and,  meditating  upon  them,  have  glFea  thsir  thoughts  to  Che  thooghtfoL'*— 
Limdon  Critie. 

**  A  series  of  little  Tolumes,  whose  worth  is  not  at  aU  to  be  estimated  by  their  size  or  price.   They 
are  written  in  England  by  scholars  of  eminent  ability,  whoae  design  ■  to  coll  the  attention  of  the  ' 
poblic  to  Tarioas  important  topioa,  in  a  novel  and  aooesaihlo  mode  of  pubUoation."— ^  Y.  Momuig 
Nan. 

MACKINTOSH'S  DISSERTATION  ON  THE  PROGRESS 

OF  ETHICAL  PHILOSOPHY, 

WITH  A  FREFACB  BT 

THE  REV.  WILLIAM  WHE WELL,  M.  A. 
In  one  neat  8vo.  vol.,  extra  cloth. 


OVERLAND  lOURNEY  ROUND  THE  WORLD, 

DURING  THE  YEARS  1841  AND  1842, 
BY   SIR   GEORGE  SIMPSON, 

GOVERNOR-IN-CHIS^  OP  THB^HtmiOFra  BAY  COMPANY'S  TERRITORIES. 

In  one  very  neat  crown  octayo  volume,  rich  extra  crimson  cloth,  or  in  two 

parts,  paper,  price  75  cents  each. 

'^A  mors  talaaMe  or  inatraetlve  work,  or  one  more  ftiU  of  petflaw  adi«ntw  and  berofe  enter- 
priae,  we  have  never  met  with.''--^oto  BtiU. 

**  It  abonnds  with  details  of  the  deepest  interest,  poeseeaes  all  the  diarms  of  aa  eacitiag  foaoance, 
anf  ftirniahes  an  imflMnse  mass  of  Taloable  infbnnatioii.'*— isfainr. 


U 


LEA  AND  BLANCHARCS  PUBLICATIONS. 


UNITED  STATES  EXPLORING  EXPEDITION. 

THE  NARRATIVE  OF  THE 

UNITED  STATES  EXPLORING  EXPEDITION, 

DURING  THE  YEARS  1838,  *39,  '40,  41,  AND  *43. 
BT    OHAaiiBS    WIIiKlBB,    ■•<!•«  V«B«V« 

ooHiusom  or  tbs  bzrhrioi.  etc. 

PBIOE  TWENTY-FIVB  DOLLABS. 

A  New  EdhioB,  in  Five  Medium  Octavo  Volomet,  neat  Extra  Cloth,  partiealarlfdoae 

up  with  reference  to  strength  and  continued  nee:  containing  Twajmr-fluc  Htm- 

DEBD  FAaas  of  Letter-preai.    Illustrated  with  Mape«  and  about  Tkrib 

RUNDRBD  SpLBMOIO  EliaBATXIfCU  01  WOOD. 

PRICE  ONZiT  TlXro  DOXiXiARS  A  VOLUBflCE. 

Tliinigli  oflbred  at  ai 


Se  w  low,  thJe  it  the  complete  work,  ooDtainiBfr  an  the  letter-preai  of  the 
eaiBon  pnniea  lor  ^^egpeit  ^<^itli  wme  improTements  aoficesied  m  the  coane  of  vnmg  the  work 
ain  throogh  the  prflK  All  of  the  wood-cot  iUmtnaiaDs  are  retainad,  and  noanv  all  the  oupe ; 
e  latse  ited  plates  of  the  qnatto  editioa  being  omttted,  and  neat  wooct«Qta  sobatitnted  for  fiirty- 
aeren  steel  ngnettea.  It  is  prmted  on  fine  paper,  with  large  type,  bound  in  reiy  neat  extra  olotti, 
and  films  a  beantiM  work,  with  itsTeiy  nnmeroos  and  ^ipropriate  embelUshmentB. 


The  attentioa  of  peiaons  fbrming  Ubrsiies  ii  especially  directed  to  this 
BOfelandTalaai>Ie  matter  accwmnlated  bythe  Eq»editioatBacheap,oonfe 


work,  as.  pressntinf^ 


SCHOOL  and  other  PUBLIC  LIBRARIES  should  not  be  without  it,  as  embodying  the  results  of 
the  First  Sdentiflo  Expeditioa  conmusrioned  bf  our  goTenment  to  eiplors  fimagn  ragiona. 

"We  hare  no  hesitation  in  saying  that  it  Is  destinsd  to  stand  among  tlie  most  ^nAning  moan- 
meats  of  oar  national  literature.  Its  oontributions  not  only  to  every  department  of  sdenoe,  but 
every  department  of  histonr,  are  hnmensa;  and  there  is  not  an  intelliipBat  man  ia  the  eoaunumt|^~ 
Bo  matter  what  may  be  ha  taste,  m  his  occupation,  but  will  find  i 


gnti^,  and  to  profit  him."— JAoar  JEcKpfoiit  4Mete<or. 


hers  to  eoUi^B,  to 


ANOTHER  EDITION. 
PRICE  TWENTY.FIT£  DOLLARS. 

IN  FIVE  MAGNIFICENT  IMPERIAL  OCTAVO  VOLUMES.* 

WITH  AN  ATLAS  OF  LABGE  AND  EXTENDED  1IAF& 

BEAUTIFaLLT  DONE  UP  IN  EXTRA  CLOTH. 

Tbfa  tally  great  and  National  Work  is  iasaed  in  a  ityle  of  aaperior  magAfflseaee 
and  beauty,  containing  Oixty-fonr  large  and  finished  Line  EnnavingB,  embraefiiif 
Scenerv,  Portraits,  Manners,  Customs,  ftc,  Ac  Forty-se^n  exquisite  Steel  Vignettee, 
worked  among  the  letter-press ;  about  Tvro  Hundred  and  Fifty  finely-executed  Wood- 
cut Illustrations,  Fourteen  large  and  small  Mapa  and  Gharta,  and  nearly  Twenty-six 
Haadred  pages  of  Letler-preei. 

ALSO,  A  FEW  OOPIEE  STILL  ON  HAND. 

THE  EDITION  PRINTED  FOR  GONQRESS, 


LARGE  IMPEEUL  QUARTO,  STRONG  EXTRA  CLOTH* 
PRXOE   SIXTY   DOLLARS. 


JUST  ISSUED. 

THE  ETHNOGRAPHY  AND  PHILOLOGY  OF  THE  UNITED 
STATES  EXPLORING  EXPEDITION. 

UNDER  THE  OOMIIAND  OF  CHARLES  WILKBB,  ESQ.,  17.  &  NAYY. 

BT  HORATIO  HALBf 

ratLouoaar  to  thi  BOBunDir. 


ZaonsliiseimperfaloetavDVQlumaof  nearly  seven  hundred  Mgea.   WKh  two  Ibpa,  printed  to 

match  the  Cengrsm  copies  of  tte  "  NairativB.* 


Men  TiK  BOLLAKa,  In  beaatiflil  extra  doth,  dooa  op  with  gnat  atoength. 

*•*  This  ia  the  only  edition  printed,  and  but  few  an  oAred  ffarstfe. 


^IhersBaahider  of  thesdentUkswoikbof  the  BzpeditianaietnastaleeCfaatf  pregiesB.  The 
vriumeaoCorab,byJ.D.DaBa,Sii4,,withaBAtiaB  of  Platen  will  be  aliaitly  leadr.  to  be  Al- 
lowed Of  the  otheiBi 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 

PICCIOLA. 

ZI.I.U8TRATEO  SDZTZOV. 

PiCCIOLA,  THE  PRISONER  OF  FENESTRELLA; 

OR.  CAPTIVITY  CAPTIVE. 
BT  X.  B«  SAIHTIVK. 

▲    VXW    BDITION,  WITH    ILL V8TB ATIOKS; 
In  one  elflf  tnt  duodecimo  volume,  lane  type,  and  One  paper ;  price  in  tkocy  ooven 


the  esceplion  of 


SOcenUt  er  in  beautifdl  extra  crimwm  doth. 

**JPBi%a|iB  the  noitbeaatifta  and  toUflhiDK  work  of  flolioB  ever  wiitten, 
Undine."— iUiiif: 

"The  Nine  pnblishen  have  ehown  their  patriotinn,  oommon  aeoe,  and  good  taste  bf  pottinK 
forth  their  fourth  edWon  of  thii  work,  wiUi  a  eet  of  TeiybeaotifQl  engnnred  embelttrfunente.  There 
nerer  wee  a  book  which  better  deserved  the  compliment.  It  n  one  of  f^reatly  tunerior  merit  to 
FbdI  and '^niiua,  and  we  bobeve  it  if  deitined  tomrpeaithatpopolarworkof  SL  riene  in  popu- 
larity. It  is  better  soiteA  to  the  adTanoed  ideas  of  the  presant  an,  and  possenes  peculiar  moral 
charms  in  which  Paul  iMi  Vixgmia  ia  defideat  St.  I^rrels  work  detiTM  its  populariu  IhMn  iia 
Udd  attack  od  feudal  prejodices ;  Saintue's  strikes  deeper,  and  assails  the  secret  infldelltjr  whch 
is  the  bane  of  modem  society,  in  its  stronghidd.  ▲  thousand  editions  of  Pioaola  will  not  be  too 
many  for  its  meaL"—Lad^s  Book. 

**  This  is  a  little  >em  of  its  kind--e  beantifUl  eoooett,  beautifuUr  unfolded  and  applied.  The  style 
and  ]dot  of  this  truly  charmiur  story  require  no  aritiosm;  we  wiuonhreipreasthe  wish  that  tiiose 
wbo  lely  on  works  of  fk^oo  for  their  inteUsotual  food,  may  alwqrs  find  those  as  pure  m  language 
and  beantifhl  in  moral  as  Piodola.**— i^few  York  Rariem, 

"The  present  edition  is  got  up  in  beautifhl  style,  with  illustrations,  and  reflects  credit  upon  the 

fublisbeis.  We  reoommend  to  those  of  «ur  iMulera  who  wen  not  fortunate  enough  to  meet  with 
iociola  Bome  yean  ago,  when  it  was  firat  translated,  and  for  %  aeason  all  the  rage,  to  loee  no  time 
in  procuring  it  now— end  to  those  who  read  it  then,  but  do  not  Mseas  a  copy,  to  embrace  the  op- 
portumty  or  supplying  themselves  from  the  present  very  eiDalleni  eCbMoo.'*— suuniay  ^mcmg  PotL 

**  K  new  edition  of  this  exquisite  s(ory  has  recently  been  Issued  by  Messrs.  Lea  A  Blanchaid, 
embellished  and  illustrated  in  the  most  eiegant  manner.  We  understand  that  Uie  weric  was  com- 
pletely out  of  print,  and  a  new  edition  wilTthen  be  welooned.  It  contoina  a  daUghtfui  letter  from 
the  author,  givuig_a  painful  insight  into  the  perMoal  history  of  the  oharaetetiwbo  figure  m  the 
sttny."— £k»i0V^MMbi. 

**  The  most  <*»rmtti(j  work  we  have  read  for  many  a  day."— iZicAjTiond  Bmiutttr. 

LOVER^S  ROBY  O^M^DRE. 
aos'sr  o'asoAB>A  KJi.Tzoarji.Zi  AoasAKoa, 

BY  SAHU£L  LOVER. 

A  new  and  ohea^)  edition,  with  Dlostrations  by  the  Author.    Price  only  25  oenta. 

Also,  a  beautiful  edition  in  royal  ]2ino.,  price  M  cenle,  to  match  the  following. 

"A  truly  Irish,  national,  and  characteristic  story."— lomton  Litennf  Ooscfft. 

*  Mr.  Lover  has  here  produced  his  best  work  of  Action,  wliicli  will  suxtive  when  half  the  Irish 
sketches  with  which  the  literary  world  teems  ara  forgotten.  The  interest  we  take  in  the  varied 
adTontures  of  Rory  is  never  uuce  soUered  to  abate.  We  welcome  him  with  lugh  delight,  and 
pan  from  him  with  regreL"— lojufon  Sun. 

LOVER'S  IRISH  STORIES, 
Ziao-ssrBB  ji.ari>  storzes  ox*  zbbziARd, 

BY  SAMUEL  LOYSR. 

In  one  very  neat  12mo.  volume,  fine  naper,  extra  doth  orfanqr  psper, 

With  Illustrations'^  the  Author. 

LOVER'S  SONGS  AND  BALLADS, 

INCLUDING  THOSE   OF  THE   "IRISH  EVENINGS." 


In  one  neat  I2bio.  vnlunie,  prioe  2B  < 

MtABSTOH, 

OR  THE  MEMOIRS  OF  A  STATESMAN  AND  SOLDIER. 

BY*THE  RET.  GEORGB  CROLY, 
Author  of  '*  Sa]athiel,"  **  Angel  of  the  World,**  &e. 
In  one  octavo  Tolomo,  |»aper,  price  fifty  cents. 
"A  work  of  Ugh  ofaaraoter  and  abeoibhiffhiteraflt'^  iV^M  OrkMS  Bm. 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 


BIOGRAPHT  ANJ)  FOETIOAL  REMAINS 

OF  THE  LATB 

KAAO-AABT   MZXiXiBA  BAVZB80V. 

BT    WASHIlfGTON    IRTIIVO. 

A  NEW  EDITION,  REVISED. 

POETICAL  REMAINS 

OF  TRS  LA,TB 

ZiVOABTZA  aSA&ZA  BAVZB80K. 

OOU.BCTED  AND  A&EANGED  BY  HER  MOTHER.  WITH  A  BIOGRAPHT  BY 

MISS  SEDGWICK. 

A  ilBW  KDITIOir,   KBYItBP 

SELECTIONS  FROM  THE 

WRITINGS  OP  MRS.  MARGARET  M.  DAVIDSON, 

THX  MOTHKB  OP  LUCKXTU  AJTD  MAEOAXXT. 

WITH  A  PREFACE  BY  MISS  SEDGWICK. 

Tha  abora  Uxtm  works  an  don«  up  to  match  in  a  naot  doodecimo  Ibnn,  fiuuy  paper,  prios  fiftf 
oaata  aaoh ;  or  in  aitra  doth. 

THE  LANGUAGE  OF  FLOWERS, 

WITH  ILLUSTRATIVE  POETRY;  TO  WHICH  ARE  NOW  ADDED  THE 
CALENDAR  OF  FLOWERS,  AND  THE  DLIL  OF  FLOWER& 

•BVBMTa  AnKICAB,  rROK  TBI  HXllTa  LOKDOM  BntTION. 

ReTiaed  by  the  Editor  of  the  "  Forget- Me- Not.** 
fn.  OM  mj  Mat  Iflkno.  Tolume,  aztra  crinuoo  cloth,  silt.   With  abc  colored  Flatat. 

CAMPBELL'S  POETICAL  WORKS,    • 

THE  ONLY  COMPUETE  AMERICAN  EDITION, 

WITH  A  MEMOIR  OF  THE  AUTHOR  BY  IRVING,  AND  AN 

ESSAY  ON  HIS  GENIUS  BY  JEFFREY, 
b  ona  baanttfVU  crown  ootaro  volimie,  oztra  doth,  or  calf  gilt :  with  a  Portrait  and  12  Flatta. 

KEBLE'S  CHRISTIAN  YEAR, 

EDITED  BY  THE  RIOHT  REV.  BISHOP  DOANE. 
Mmiatoro  Edition,  in  32mo.,  oxtxm  doth,  with  ninminatad  Titlib 

RELI6I0  MEDICI,  AND  ITS  SEQUEL,  CHRISTIAN  MORALS, 

BY  SIR  THOMAS  BfeOWNE,  KT., 

WITH  RE8EMBLANT  PASSAGES  FROM  COWPER'S  TASK. 
,  In  one  neat  ISmo.  voluffle. 

HEMANS'S  COMPLETE  POETICAL  WORKS. 

IN  SBTBN  FOLUMSSf  ROTAL  ISmO.,   FAFKR  OR  CLOTH. 


ROGERS'S  POEMS, 


ILLUSTRATED, 

IK  ONE    IMPERIAL  OCTAVO   VOLUME,   EXTRA  CLOTH  OR  WHITE  CALF. 


DICKENS'S   WORKS. 

VABZOU8  BDZT'ZOIIS  A«D  PBZOES. 


CHEAPEST  EDITION  IN  NINE  PARTS  PAPER, 

A8  FOLLOWS: 

THE  PICKWICK  PAPERS,  1  large  vol.  8to.,  paper,  price  50  oente. 

OLIVER  TWIST,  1  vol  8to.,  paper,  price  25  cents. 

SKETCHES  OF  EVERT-DAY-LIFE,  1  yoL  Sto.,  paper,  price  37)  cents. 

NICHOLAS  NICKLEBY,  1  large  yoI.  8vo.,  paper,  price  50  cento. 

THE  OLD  CURIOSITY  SHOP,  1  yoL  8to.,  paper,  with  many  Cnto, 
price  50  cents. 

BARNAB Y  RUD6E,  1  yoL  8vo.,  with  many  Cuto,  price  50  cento. 

MARTIN  CHUZZLEWIT,  1  vol.  8yo.,  with  plates,  price  50  cento. 

CHRISTMAS  STORIES.^Ths  Carol,  The  CnDCBf;  Ths  Cbicket  or 
THB  HsASTH,  and  The  Battle  of  Life— together  with  Pictuebs  feox 
Italy,  1  yoI.  8yo.,  price  37i  cents. 

DOMBEY  AND  SON,  Part  I.,  to  be  completed  in  Two  Parts,  price  25 
cento  each. 


ALSO, 

A  UNIFORM  AND  CHEAP  EDITION  OF 

DICKENS'S  NOVELS  AND  TALES, 

IN  THREE  LARGE  VOLUMES. 


THB  VOirSLB  ASTD  TAZ.S8  OF  OHABZiBS  DHOXBKBj 

(BOZ,) 
laThree  laife  and  beaatifU  Oetavo  VolomM,  done  up  In  Bztra  doth, 

COirTAININO  ABOUT  TWSKTT-TWO  RUITDEB])  AND  FXFTT  LAB«E  DOUBLE 

OOLUMVSD  PAGES. 
PRICE  FOR  THK  WHOLE,  ONLY  THREE  DOLLARS  AND  SEYENTT-flVE  GENT& 

Tlw  freqnnt  inqniriM  finr«  iiiUfbnn,oompftct  and  good  edition  of  Bai^  warte.taaTO  indooed  th* 
pablidi9n  to  prepare  oae,  which  they  now  ofisr  at  a  price  eo  low  that  it  flhonld  conunaad  a  vwy 
extended  nJA.  It  is  printed  on  fine  white  paper,  with  good  type*  and  fimna  three  large  TolnnMB, 
averajtinr  about  seren  hundred  and  fifty  pane  each,  doue  up  in  vvious  etyles  of  eztn  eloth,  makiag 
a  beautiittl  and  portable  edition.— €ome  of  the  works  are  uluetnited  with  Wood  Eagravii^a. 

This  Edition  oomprehenda  the  fint  aoTcn  paita,  and  will  be  completed  with  the  iesae  of  the 
Fonrth  Voluma,  on  the  completion  of  "Dombey  and  San,**  now  in  nrqnen  of  publication,  con- 
taining that  work,  the  **  Chrishnaa  Storiea,"  and  '*  Pictures  from  Italy."  Pninhaaers  may  thus  rely 
on  beuigabto  to  pailaot  thdraelB. 

ALSO,  AN  EDITION  FBOFUSELT  ILLUSTRATED  WITH 

ONE  HUNDRED  AND  THIRTY-FOUR  PLATES,  AND  ONE 

HUNDRED  AND  FORTY  WOOD-CUTS. 

b  Imperial  octftro,  eodn  doth,  on  fine  white  paper. 

V^The  abore  are  tbe  only  Oompleta  and  Unilbrm  Editiona  of  DIckoiM^  Workt  now 
beibre  tlie  puUie.  • 

KOW  FUBLISRINO, 

BOBKSaT  AHA   fOH. 

mm  KDinoit. 

In  twenty  nomben,  price  8  cents  each,  with  two  illustrations  by  Hablot 

E.  Browne  in  each  number. 
This  Is  (he  only  edition  which  pieaenis  the  platee  icoompaiqfins  tiie  test  to  wUoii  they  leiar. 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 


SELECT  WORKS  OF  FIELDING  AND  SMOLLETT, 

PrioMd  in  a  neat  and  aniform  atyla,  to  match  tbe  cheap  edition  of  DickeniTt  Works. 

SELECT  WORKS  OF  TOBIAS  SMOLLETT, 

WITH  A  MEMOIR  OF  HIS  LIFE  AND  WRITINGS, 
BY  SIR  WALTER  SCOTT. 

THIS  EDITION  COlfTAIMS: 
THE  ADYENTDRES  OF  RODERICK  SAN1X>K.   Plioi  twotf-Ave  erata. 
THE  ADVENTURES  OF  PEREGRINE  PICKL&    Price  flftj  CBnt& 
THE  EXPEDITION  OF  HUMPHRET  CLINKER.    Price  twaatj^five  oenti. 
THE  ADVENTURES  OF  FERDINAND  COUNT  FATHOll   Price  twenty-ftT»  cent*. 
THE  ADVENTURES  OF  SIR  LAUNCELOT  GREAVES.  THE  HISTORY  AND  ADFCRTDRn 
Of  AN  ATOM,  AND  SELECT  POEMS.   Prkse  twentjr-ttve  ceata. 

Or,  the  whole  done  op  in  one  very  large  octavo  volume,  extra  doth. 

SELECT  WORKS  OF  HENRY  FIELDING, 

WITH  A  MEMOIR  OF  HIS  LIFE  AND  WRITINGS, 

BY  SIR  WALTER  SCOTT, 

AND  AN  ESSAY  ON  HIS  LIFE  AND  GENIUS, 

BY  ARTHUR  MURPHY,  ESQ. 
THIS  BDITXOir  COllTAIlfS: 
TOM  JONES,  OR  THE  HISTORY  OF  A  FOUNDUNO.    Price  tUbf  cents. 
THE  ADVENTURES  OF  JOSEPH  ANDREWS,  AND  HES  FRIEND  MR.  ABRAHAM  ADAMS. 

Price  fifty  cents. 
AMELIA.   Price  twenty-flre  centt. 
THE  LIFE  OF  JONATHAN  WILD  THE  GREAT.   Price  twaa^flre 


Or,  the  whole  in  one  large  octavo  volome,  extra  doth. 

COOPER'S  NOVELS  AND  TALEa. 

A  UHZFORXIIII  BBZTZOHy 

IN  TWENTY-THREE  LARGE  DUODECIMO  VOLUMES, 

WELL  BOUND  IN  SHEEP  GILT, 

Forming  a  beaatifiil  Beries,  each  volume  comprehending  a  noveL 

AZiSO,  A  OBBAP  BBZTZOH, 

IN  FORTY-SIX  VOLUMES,  DUODECIMO 
noirs  TIF  Jir  kbat  paper  covers. 

Price  only  twenty^iive  cents  a  volnme,  each  work  in  two  volomee.    Any  novd 

•old  separate. 

COMFRISIKat 

THE  SPY— THE  WATERWITCH—HEIDENMADER— PRECAUTION— HOMEWARD  BODIfD 
-HOME  AS  FOUND-THE  LAST  OF  THE  ]ftDBICANS--TaB  HEAD6MAN-THS  TWO 
ADMIRALS-THE  PIONEERS— THE  PILOT— LIONEL  LmC0O7— THE  PATHFINDER- 
TOE  WISH-TON-WISH— MERCEDES  OF  CASTlLE-TIffl  IJgNIKINS-THE  BRAVO- 
THE  DEERSLAYER-THE  PRAIRIE— THE  RED  AGnm-WQjiG  AND  WING— WYAN- 
DOTTE, OR  TUB  HUTTED  KNOLL;  AND  THE  TJUVELING  BACHELOR. 

ALSO,  NED  MYERS;  OR,  A  LIFE  BEFORE  THE  MAST, 

In  one  ISmo.  volnme.    Price  twenty^five  cents. 

Aiiso,  ooovaa'8  sba  taziBs, 

In  six  neat  volnmei,  royal  IShao.,  extra  cloth. 


OOOVa&'8  ZiBAVBBR  SVOOXXBTO 

In  live  neat  volames,  royal  ISmo.,  extra  doth. 


TAZiBfy 


LEA  AND  BLANCHABD'S  PUBUCATIOMS. 

BOY'S  THEASUflY  OF  SPORTS. 

■  THE  Bora  THMsuBr  Gf  mm.  pabtim  and  BaMTioira. 


PBEFAOE. 

7V9  niiufcalnl  Hmttt]  of"  Sporlip  T^Aimn.  and  nKTentJafu,"  hat  bHB  nn^rsd  with  hphIkI 
EVfvd  lo  Uw  HulUi.  Kunue,  Bail  R&uooiU  £Lji>jaieai  ol  Uh  joudc  nuon  to  wlum  a  u  Bd- 

Ertrr  nitMT  it  nmnmliiHa  R«n>tl«  will  bt  rbond  in  Ih*  Mhiirfaur  pani.  Tint,  na  hu> 
ga  UtQa  Tufi  oTtba  NiineTr ;  ui*  Toja  lul  Uutln  or  Uii  PUjr*iniUBl :  ud  Ui<  Bub  el  Ui* 


TliBIl,  ron  bmn  b  Dambar  of  hitliiHB  tbal  avfr*  to  akil 
iIbU  jojnUjr,  uid  MkBlha  pbtIdut  ra-aohu  wiLb  niinb. 


AKhor^.ADCvtfaBIirtdBDf  EnglBnifpiaUiaBdflUDed  ;  and  reiy  pnpcrlr  TdTlimnl  br  Ibi 
fa  Iha  rnnriij  HcnvpllikBHfDt  dT  FttKDiK,  Bjid  Uia  manl/ uil  aoJiTeiuBff  anrrtaB  of  Rb 
AD«Ung,  th*  pdaliiBa  of  ofaiblbDud.  boylioi<L  nuiliDnd*  wtd  nkl  m,  h  nevt  iJdCjibaJ 

anerl  Antfer 

Uu^blilii^uirriLibBCiemnuaB.  IbB^jinaB  Pre.  iba  ?i*i^Z'iild"uHSilkinirm 
4^aj4«rBaitm[ilcillallH»»iIicofSoa(BinbL  Ihaaerfiia^TBn«li«arwtkKK.andlb«u-T 
r^---%Bnnande»ribad^    ABdhsr*  m  diiit  turilL,  thaL  kiraJnE^dlo  ABJcnata  tarvarfablrd 


iiwlc,liaivlMU(*nliBBk.ir^«tit-i>r-lsu].  ui  Titda  with  Caidi^ 
Bulj  ortAn,  wbeB  ttaa  bBaioBK  ot  tha  da;  ■  orar,  ud  tha  book  ia  Iwd  loldB. 
klntaata  lam  bsufe  0(Bam*diAnfii,9civiu»hBiniM  batu a^iritd ftvun (ti 


I'D*  liiUi  hint  Hd  hpir  Finmtaj  (or  MiwHiita  ■iAoU  Frra.]  mine  oeiL    I'BaB  rdlQW  U- 
<       p!lUl'l"l»1PBMk]IMElUfnBiBMlil^^BlldTBl1ll^wiUlllHFlWaiB.HlIlBataDpBlB|lt]' 

ii(m:tfHM(br''Cimi,"«nd'SBma(Bi»."   *iiilnio«laBaUia"Kaj»"hi(™iowBhaoil,f»» 
— ...  L..    .  ^_.._.i .. _— , ^-'- ^- -'"'-acit  aa  njateniHiB  aa  tba  SphyBX. 


'ri,o"';rFbiin"0'Dlaj4a«BwardaallullrhuBdr«l  Bncrniui;  aalhal  A  v  Bi^fwlf  tn 
of  -  ^c'1  m  wiirifa  kKwiB(,'  bol  il  U  ■  book  vt  ftaam,  aa  hill  of  prtaiu  aa  a  Cbnaunai 

,1ihL  nvvr  %iv  lake  Lnva,  wkhint  Tod  maar  hotin,  ud  danaiBl  waaka  ofaid^maqt  ffn 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 


POPULAE  SCIENCE. 


MILOSOPHT  IN  SPORT,  MADE  SCIENCE  IN  EARNEST, 

BEING  AN  ATTEMPT  TO  ILLUSTRATE  THE  FIRST  PRIN- 
CIPLES OF  NATURAL  PHILOSOPHY,  BY  THE 
AID  OF  THE  POPULAR  TOYS  AND 
SPORTS  OF  YOUTH. 

FSOM  THS  SIXTH  AXU  6BEATI.T  lUf ROTSD  I,01fD09  BDITIOir. 

In  ona  Tery  neat  royal  18mo.  volume,  with  nearly  one  hundred  lIlQatratione  on  wood. 

Fine  extra  crimion  eloth. 

Hnna.  Lea  A  Blonrhwd  have  issned,  in  a  beautiflil  mnnner,  a  hnndflome  book,  called '  Phfloso- 


phy^  in  Sport,  made  Sriencfl  in  Etumeat*  Thii  is  nn  Rdmimhlo  Attempt  to  illnstrate  the  first  prin- 
ciples of  Natural  Philuso,'>h>-,  by  the  aid  of  the  popular  toys  and  sports  of  youth.  Usertil  informar 
tion  is  oonTcred  in  an  easy,  graceful,  yet  dignified  manner,  and  renO^red  easy  to  the  simplest  uwler- 
standinf.    Tm  book  ia  aa  admirable  one,  and  most  meet  with  oniTetsal  fiHToor."— X  T.  Evnutg 

latTTOr. 

ENDLESS    AMUSEMENT. 

JUST    ISSUED. 

ENDLESS    AMUSEMENT, 

A  COLLECTION   OF 

NEARLY  FOUR  HUNDRED  ENTERTAINING  EXPERIMENTS 
IN  VARIOUS  BRANCHES  OF  SCIENCE, 

iircLUDiiro 

ACOUSTICS,  ARmftfETIC,  CHEMISTRY,  ELECTRICITY,  HYDRAUUCS.  HYDROSTATICS, 

XIAGNETISM,  MECHANICS,  OPTICS,  WONDERS  OP  THE  AIR  PUMP,  ALL  THB 

POPULAR  TRICKS  AND  CHANGES  OF  THE  CARDS,  Ac,  Ae. 

TO  WHICH  n  ADNCD, 

A  COBfPIiETE  SYSTEM  OF  PYROTECBMY, 

OR  THE  ART  OF  MAKING  FIRE-WORKS: 

TBI  WHOLE  80  CLSAKLT  SZPLATRED  AS  TO  BB  WITHIIT  RBACR 

OF  TEX  MOST  LIXITXD  CAPACUrT* 

WITH   ILLUSTRATIONS. 

FROM   THB   SEVENTH   LONDON   EDITION. 

In  one  nmi  royal  18aio.  Tolume,  floe  extra  arlmaoo  ddth. 

Thifl  work  has  lonf  supplied  inatmctiTe  amoMme^t  to  the  ricinf  aeneratioos  in  England,  anA 
will  doubtless  be  hailed  with  pleasure  by  those  of  this  countir  who  like  (and  what  bof  does  not) 
the  marreUoiu  tiicki  and  ohaiigea,  ejq>erlments  and  wondexa  aKprdad  by  tha  magio  of  ■danoe  and 

jogglair.  ^.-,^^,.......^..^...................v...^ - 

CHEMISTRY  OF  THE  FOUR  SEASONS, 

SPRING,  SVaiMJSR,  AUTUMN,  AND  WIMTER. 

AN   ESSAY,  PRINCIPALLY  CONCERNING    NATURAL  FHENOUENA,  ADMITTJNO  OF 
'  iKTtRPRfiTAtlON  HY  CHOnCAL  SQENCB,  ANDILLDSTiATmO 

PASSAGES  OF  SCRIPTURE. 

BT   THOMAS   ORI7FITHS, 
paonaaoft  of  GRnrarair  m  tqs  HmauKL  couaoz  OP  n.  MJLxrnauMsvn  BoartAU  etcl 

Id  one  large  royal  ISmo.  Tolame,  with  many  Wood-Outa,  extra  doth. 

"Cheniistiyisasmradlyaneofthainoitaaefalandinteretftfai^ofthaaataialadaaoM.  Qhemioal 
changes  meat  as  at  ervmy  step,  and  dtiring  •▼•ry  seasoo,  the  winds  anfi  the  rain,  the  heatamjh  tha 
frosts,  each  hare  their  pecahar  and  appropriattf  ptienooiena.  And  those  who  have  hitherto  re- 
mained insensible  to  these  chanfes  and  onmaiTed  amid  such  retqarkabla,  aod  oftaa  startling  b^ 
cnlte,  will  lom  their  apathr  apon  reading  tteChemiiitry  of  the '  Four  Seasons,*  and  be  prepared*  to 
enjoy  the  highest  intellectnal  pleasorea.  Coneeived  in  a  happr  spirit,  and  written  with  taste  and 
elegance,  the  essay  of  Mr.  Griffiths  cahnot  foil  to  reoeife  the  admnatxon  of  culttraked  minds ;  and 
those  who  have  looked  lesa  carefliUy  into  nature^  beauties,  will  fiad  ^aoMelTes  led  oa  iMf>  br 
step,  until  they  realize  a  new  intellectnal  beinif.  Soch  wo^kt.  wa  bellava,  exert  a  hamj  Inffaanoa 
over  society,  ud  henoa  we  hopa  that  tha  present  oaa  may  be  eXtodaiTely  read."— Tiw  Wcilcra 
ZmuL 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 


POPULAR  SCIENCE, 
KIRBY  AND  SPENCE'S  ENJ0M0L06Y,  FOR  POPULAR  USE. 

AST  ZSTTAOBVOTZOK  TO  SlTTOBEOZiOa-T; 

OR,  ELEUSNTS  OP  THE  NATURAL  HISTORY  OF  INSECTS:  COMPRISIiVG  AN  ACCOUNT 
OP  NOXIOUS  AND  USEFUL  INSEri-S,  OF  THEIR  METAMORPHOSES,  FOOD, 
STRATAGEBfS.  HABITATIONS.  SOCIFl  lES,  MOTIONS,  NOISES, 
^HYBERNATION,  INSTINCT,  Ac,  Ac 

l¥itlii  Plat«S)  Plain  or  Colored* 

B7  WILLIAM  KIBBT,M.A.,F.R.S.,  AHD  WILLIAM  SFEROS,  ESQ.,  F.R.8. 

ffBOM  tHS  HXXB  MKDOII  Cnmoil,  WHICH  WAS  OORftBCTBD  AJID  COHMSHBaBLT  mLABODL 

In  one  large  octavo  ▼olume,  extra  cloth. 

"WehaTebaragmUf  intarMteduiniDnnwoverthe  pa^oTthittreatiM.  ThariliaeaioBlf,iB 
the  wide  nun  of  natural  acienoe,  a  more  interestiny  or  instmcUve  atody  than  that  of  inaaota,  or 
one  than  iicsloniatad  to  excite  more  curkwitj  or  wonder. 

"  The  popular  fonm  of  letters  is  adopted  bj  the  anthors  in  fanpartinR  a  knowledffa  of  the  anlgeoty 
which  rmoeis  the  work  peculiarly  fitted  for  our  district  school  Iihrahes,  which  are  open  to  aU  ( 
and  rlsssni "    rfisifr  Utrdiatdf  Magaxme, 

AHSTBB'S    AVOZsirT   W 

JUST  IflSUEa 


THE  ANCIENT  WORLD,  OR.  PICTURESQUE  SKETCHES  OF  CREATION. 
BY  D.  T.  ANSTED,  M.A..  F.R.S.,  F.G.S..  &c. 

PROimOOR  OF  eCOLOOT  IH  KIHO*S  COLLBOB,  LORXKIH. 

ta  one  veiy  neat  Tofauae,  flna  extra  cloth,  with  about  One  Hundred  and  Fifty  lllwtratloiia. 

The  ohjeot  of  thk  woilt  la  to  freaent  to  the  gmwral  reader  the  chief  results  of  Oeolofncal  invosti- 
fai «  rinpla  and  comprehensiTe  manner.   The  author  haa  avoided  all  nUnnte  details  at  geo- 


gation 


■  KOtl 

tJUa. 


endeavonred  aa  ikr  aa  poasihte  to  present 
direated  of  its  mere  tecfanicalitiea.  The 
QBtrationa,  and  forma  a  neat  volane  ibr  the 


GEOLOGY  AND  MINERALOGY, 

WITH  INSTRUCTIONS  POR  THE  QUALITATIVE  ANALYSIS  OF  MINERALS. 

BT  JOSHUA  TRIMMER,  F.a.B. 

With  two  Unndnd  and  Twaho  Wood-Cnts,  a  handsome  octavo  Tetana,  boond  in  anibuaaed  dotli. 

This  is  a  mtematie  introdoetion  to  Mineraloi^,  and  Geoloiqr.  admirabljr  ealenlated  to  taistniet 
the  atodent  In  those  sciences,  llie  (nganio  remaina  of  the  Tanoos  formaUona  an  well  illoatratad 
hx  unmarooa  Hgnna,  which  an  drawn  with  great  aoonracj. 

NEW  AND  COMPLETE  MEDICAL  BOTANY. 

NOW  READY. 

KBBZOAZi  BOTAVT, 

OR.  A  DJE8CRIFTI0N  OP  ASA.  THS  MORE  IMPORTANT  PLANTS  USED  IK  MEDICINZ, 
AND  OP  THEIR  PROPERTIES,  USES  AND  MODES  OP  ADMINJSTRATION. 

BT  B«  BMXEiESFBXiD  ORIFFITB,  M*D««  Ae^  Jbe« 

Ik  ont  lufa  odsfo  Tolvma.   With  about  thne  hoadnd  and  fifty  nfaatntiniia  oa  Woa<L 

A  POPULAR  TREATISE  ON  VEGETABLE  PHYSIOLOGY; 

PUBLISHED  UND^  THE  AUSPICES  OF  THE  SOCIETY  POR  THS  PROMOTION  OF 
POP0IAA  mSTRUCnON;  WITH  NUMEROUS  WOOD-CUTS. 

BT  'W,  B.  OARPEBTSB. 

In  one  vqImbo,  12nio.,«xtncloth. 

A  TREATISE  ON  COMPARATIVE  ANATOMY  AND  PHYSIOLOGY, 

BY  W.  B.  CARPENTER.  

REVISED  AND  MUCH  IMFROVEDBT  THE  AUTHOR.  WITH  BEAUTIFCL  STEEL  PLATES. 

(New  impaling.) 


[ 


BHT8ZOZ.OOT, 

WITH  ABOUT  THREE  HUNDRED  WOODCUTS. 
(Prapailng.) 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 


I 


HUMAN    HEALTH 


s^rrs,  4o!»&e..  on  hejllthy  iun, 
CdNSTITfJTING  ELEMENTS  OF  HYGIENE. 

B7  ROBLET  DXTNGUSOir,  M.D.,  ln.,ko. 
In  on«  octavo  volume. 

*^*  Persons  in  the  puranit  of  health,  as  well  as  those  who  desire  to  retain 
it,  would  do  well  to  examine  this  work.  The  author  states  the  work  has 
been  prepared  "  to  enable  the  general  reader  to  understand  the  nature  of 
the  actions  of  yarious  influences  on  human  health,  and  assist  him  in  adopt- 
ing such  means  as  may  tend  to  its  preservation:  hence  the  author  has 
avoided  introducing  technicalities,  except  where  they  appeared  to  him  indis* 
pensable." 

REUARKS  ON  THE  INPLUENCE  OF  MENTAL  EXCITEIIENT, 

AND  MENTAL  CULTIVATION  UPON  HEALTH.  ^ 

BT  A.  BBZeBABC,  BC.D. 

Tbird  editioa ;  one  volame,  ISuio. 

▲  TRBATISS  ON 

OOBMfUf  BUNXOSrS,  TBB  DZ0IIA8B8  OF  T 

JJKD  THE  aSNBBAL  MANAaEMENT  OF  THE 
BY  LEWIS   D17RLACHER, 

■  VBflSOS   OBiaOPODItT  TO  TBB  aiTBBS. 

In  one  duodadmo  volume,  doth. 
8&ZDOB^RrATB&  TBBATZSBS. 

The  whole  complete  iu  7  toIb.  8vo.,  yuioue  biadugi, 
ooHTAnrarai 
ROOETV  ANIMAL  AND  VEOrTABLE  FHYSIOLOOT,  m  2  Tola.,  with  manj  eota. 
KIRfiY  ON  THE  HISTORY,  HABITS  AND  INSTINCT  OF  ANIMALS,  1  toL,  with  plates. 

FROUT  ON  CHE&tlSTRY-CHALMERS  ON  THE  MORAL  CONDITION  07  MAN-WHEWXLL 
ON  ASTRONOMY-BELL  ON  THE  HAND-KIDD  ON  THE  PHYSICAL  OONDITiON  OF 
MAN,  2T01IIIIMS. 

BUCKLANira  GEOLOGY,  2  vols.,  with  muneroua  plates  end  maps. 

Roget,  Buckland,  and  Kirby  are  sold  separate. 

THE  DOMESTIC  MANAGEMENT  OF  THE  SICK  ROOM, 

NECESSARY,  JN  AID  OF  MEDICAL  TREATMENT,  FOR  THE  CURE  OF  DISJEASESw 

BT  A.  T.  THOMSON,  M.D.,to.acc. 

Pint  American,  from  the  Second  London  Edition.    Edited  hjr  B.  E.  GaimTH,  M.  p. 
In  one  royal  ISmo.  volume,  extra  cloth,  with  cuts. 

"There  is  no  iBterieranoe  with  the  duties  of  the  medical  attendant,  hot  sound,  sensibls,  snd 
clear  advice  what  to  do,  and  how  to  act,  ao  as  to  meet  unforeseen  emergnMies,  nd  eo>opente 
with  profoawnoBl  sJcilL**— Xtttrsry  Oosstte. 

THE  MILLWRIGHT^AND  MILLER'S  GOIDE. 

BY    OLIVER    EVANS. 

THE  TWELFTH  EDITION, 

WITH  ADDITIONS  AND  CORRECTIONS.  BY  THE  PROFESSOR  OF  MECHA- 
NICS IN  THE  FRANKLIN  INSTITUTE  OF  PENNSYLVANIA. 

AND  A  DBBOnUFriON  OF  AN  IMPBOTED  XEBCHANT  FLOUB  ULEb 

WITH  nOBATDrOS. 

BT  O.  ft  O.  BVAHS,  BNaiNEEBS. 
This  is  a  pnotifial  woikp  and  hes  had  a  Teir  exteadsd  sals. 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 

JOHNSON  AND  LANDRETH  ON  FRUIT,  KITCHEN, 
AND  FLOWER  fiARDENING. 

A  DICTIONARY  OF  MODERN  GARDENING, 

BY  GEOBaS  WILLIAM  JOHNSON,  ESQ. 
▲nthior  of  the  "  PitDciplat  of  Pmclical  Gardeoing,"  "  The  Gardansr^  AiatmoMC,*' to. 

WITH  OHS  HUVDRU)  AXD  BIOBTT  WOOIK^DTS. 

EDITED,  WITH  NUMEROUS  ADDITIONS,  BY  DAVID  LANDRETH,  07  PHILADELPHIA. 

Ja  ODe  \axg»  royal  duodadaao  volqaw,  extn  clotb,  of  neailf  Six  Hundred  and  Fiftj 

double  ooiiunued  Ptiga. 

This  edition  has  been  neatly  altered  from  the  orif^aL  Many  articled  of  little  interest  to  Ameii- 
cans  hove  been  ctutnilea  or  wholly  omitted,  and  much  new  matter,  wlUi  nirnierooa  illoiArationa, 
added,  especially  with  respect  to  the  varietiea  of  fhiit  which  experience  baa  ahown  to  be  pecnliarly 
adaplod  to  oar  climate.  Still,  tho  editor  admits  that  he  has  only  followed  in  the  path  ao  admirablj 
marked  out  by  Mr.  Johnson,  to  whom  the  chief  merit  of  the  work  bclonga.  It  mm  been  an  object 
with  the  editor  and  publiahera  to  increase  its  popular  character,  thereby  adaptinf  it  to  the  lanrar 
class  of  hortiraltural  readers  in  thia  country,  and  they  trust  it  will  prove  what  they  bare  daairea  it 
to  be,  an  KucyrlopiDdia  of  Gardening,  if  not  of  Knral  Afihita,  ao  condensed  and  at  soch  a  prioe  as  to 
ba  within  reach  of  nearly  all  wt^An  thoae  suhiects  interest. 

"  This  is  a  useful  compendium  of  all  that  description  of  information  which  is  valuable  to  the 
modern  gardener.  It  quotes  largely  from  the  liest  ftuidaiid  antbora.  journals,  and  transactions  of 
societies ;  and  the  labours  of  the  American  editor  have  fitted  it  for  the  United  States,  by  judicions 
additions  and  omissions.  The  volume  is  abandaatlT  iOnstnOed  with  figures  bi  the  text,  embnang 
a  judicious  selection  of  those  vanetiea  of  iruita  which  expehenoe  has  shown  to  be  well  suited  to  thn 
United  SUkUt9.~-SiUimaH's  JotamaL 

**  This  is  the  most  valuable  work  we  have  ever  seen  oa  the  subject  of  nrdening :  and  no  man  of 
taste  who  ran  devote  even  a  qoarter  of  an  acre  to  hortirultnre  ought  to  oe  withont  H.  Indeed  la- 
dies who  merely  cultivate  dowers  Vfdhin-doon,  will  find  this  book  an  excellent  and  convenient 
•  counsellor.  It  contains  one  hundred  and  eighty  wood-cut  iUustntiona,  which  gira  a  distinct  idea 
of  the  fruits  and  purden-arrangementa  they  are  intended  to  represent. 

**  Johnson's  Dictionary  of  Gardemng,  edited  bv  Landreih,  is  handsomelr  printed,  vrell-bound,  and 
sold  ai  a  pnco  which  puts  it  wiUdn  the  reach  of  all  who  would  be  likely  to  tvaj  it''— Awyrem. 

THE  COMPLETE  FLORIST. 
A  asAsrvAZi  of  a-A&DBsrzsra-, 

CONTAININO  PRACTICAL  INSTRUCTION  TOR  THE  MANAGEMENT  OF  GREENHODSS 

PLANTS.  AND  FOR  THE  CULTIVATION  OF  THE  SHRUBBERY-THE  FLOWER 

OAJEtDEN,  AND  THE  LAWN-WITH  DESCRIPTroNS  OF  THOSE  PLANl'S 

AND  TREES  MOST  WORTH  V  OF  CULTURE  IN  EACH 

DEPARTMENT. 

ISVITH  ADDITIONS  AND  AMENDHSENTS, 

ADAPTED  TO  THS  CLIMATE  OF  THE  UNITED  STATES. 
In  one  small  volume.    Price  only  Twenty-five  Cents. 

THECOHPllETMrKITCHEN  ANDTJuiiTrGARDENEfl, 

A  SELECT  MANUAL  OF  KITCHEN  GARDENING, 

AND  THE  CULTURE  OF  FRUITS, 

OONTAININO  FAMIUAR  DIRECTIONS  FOR  THE  MOST  APPROVED  PRACTICE  Df  EACH 

DEPARTMENT,  DESCRIPTIONS  OF  MANY  VALUABLE  FRUl'I'S.  AND  A 

CALENDAR  OP  WORK  TO  BE  PERFORMED  EACH 

MONTH  IK  THE  YEAR. 

THE  WBOLB  ADAPTED  TO  THE  CLIMATE  OF  THE  UNITED  STATES. 

In  an»  smftll  Tolnme,  paper.   Price  only  Twenty-five  Centa. 

UOVDBETH'S  RtTRAL  BEGISTER  AND  AXJNKANAO,  FOR  1848, 

WITH  NUMEROUS   ILLUSTRATIONS. 


STILL  0:r  HAND, 
A  TtW  00]^1£S  OF  THE  REGISTER  FOR  1847, 

WITH  OYER  ONE  HUNDRED  WOOD-CUTS. 

"nus  wort  baa  150  large  I2mo.  pages,  donble  oohnnns.  Though  poblished  annnally,  and  eontam- 
faig  aa  almanar,  tba  prinoipal  put  of  tbeaMttar  is  at  pemnMUt  atibty  to  tb*  boitiBQltarist  and 
fumer. 


ff 


LBA  AND  BLANCHARD'S  POBLI0ATION3. 


YOUATT  AND  SKINNER'S 

STANDARD  WORK  ON  THE  HORSE. 


THE  HORSE. 

BY  WILLIAM  YOUATT. 

A  NSW  EDITION,  WITH  NOUERODS  ILLVSTBATIONS. 

TMRBtm  yrm  l 

eSHBRAZi  BZ8TOHY  OP  TBS  B0HSZ8; 

A  DISflBRTA.TIOR  OR 

TH£  AMERICAN  TROTTING  HORSE; 

HOW  TRAmED   AND   JOCKETED. 

AN  ACCOUNT  OF  fflS  REMARKABLE  PERFORMANCES; 

▲no 

AST  B8SAT  car  THB  1U»  AXn>  THB  MITX.a^ 

BY  J.  S.  SKINNER, 

Aanrtant  FoBt-Maator-Genenl,  and  Editor  of  the  Turf  Regiiter. 

This  edition  of  Youatt'f  well-known  and  standard  work  on  the  Mana^fo- 
ment,  Diseases,  and  Treatment  of  the  Horse,  has  already  obtained  sacn  a 
wide  circulation  throughout  the  country,  that  the  Publishers  need  say  no- 
thing to  attract  to  it  the  attention  and  confidence  of  all  who  keep  Horses  or 
are  mterested  in  their  improTement. 

^In  introdadns  this  yery  neat  edition  of  Youatt'a  well-known  book,  on  'The  Hone/  to  cor 
readers,  it  is  not  neoeasary,  even  if  we  had  time,  to  aaj  auTthlnff  to  convince  them  of  its  worth ;  it 
has  been  highly  spoken  of,  by  those  most  capable  of  appreciating  its  merits,  and  its  appearance 
under  the  patronage  of  the  'Society  for  the  Difibsion  of  UseM  Knowledge,*  with  Lord  Brougham 
at  its  head,  affords  a  fbll  guaranty  for  its  high  character.  The  book  is  a  very  ralnahle  one,  and  we 
eadone  the  recommendation  of  the  editor,  that  every  man  who  owns  the '  hair  of  a  horse,'  should 
have  it  at  his  elbow,  to  be  consulted  like  a  fkmily  physioiaii,  'for  mitigating  the  disonlen,  and  pro- 
longing the  life  of  the  most  Interesting  tod  osefUI  of  an  domestic  animals.' "— Arnur't  Cdmut, 

"This  celebrated  work  has  been  oompletely  rsviwd,  and  mnoh  of  it  almost  entirely  re- written 
by  its  able  aathnr,  who»  from  bemg  a  practical  veterinary  surgeon,  and  withal  a  great  lover  and 
excellent  Judge  of  thtf  animal,  is  particnlarly  well  qualified  to  write  the  hietoiT  of  the  noblest  of 
quadrupeds.  Messrs.  Lea  and  Blanehaid  of  Philadelpbift  have  rspubUshed  Che  above  work,  omitting 
a  fow  of  the  first  pages,  and  have  supplied  thetar  place  with  matter  quite  as  valimble,  and  perhapa 
more  interesting  to  the  reader  in  this  country ;  It  being  nearly  lOO  pages  of  a  general  history  of  tlie 
horse,  a  dissertation  on  ths  American  trotting  hoise,  how  trldnsd  and  jock^ped,  an  aoooant  of  Ui 
remarkable  perfomumoes,  and  an  eesay  on  the  Aas  and  Hula,  by  J.  8.  SUnner,  Esq.,  A,Bsiwtant  FosU 
master-Oeneral,  and  late  editor  of  the  Torf  Register  and  Amerloaa  Farmer.  Ur.  Skinner  Is  ana 
of  our  most  pleasing  writers,  and  has  been  fkmiltar  with  the  subject  of  the  horse  from  childhood, 
and  we  need  not  add  that  he  has  acquitted  himself  well  of  the  task.  He  also  takes  up  the  import- 
ant subject,  to  the  American  breeder,  of  the  Ass,  and  the  Mule.  This  he  treata  at  length  and  cm 
amore.  The  Philadelphia  edition  of  the  Hone  is  a  handsome  octavo,  with  nnmerous  wood-outa."— 
American  ApricuUiuitt. 


«■ 


LEA  AND  BLANCHARiyS  PUBLICATIONS. 


YOUATT  ON  THE  PIG- 


TBB   PZd; 

A  TREATISE  ON  THE  BREEDS,  MANAGEMENT,  FEEDING, 
AND  MEDICAL  TREATMENT  OF  SWINE, 

WITH  DIKSCTX0N8  FOB  SJLLTJKQ  PO&K,  AND  C17&Iir«  BA.COH  AHD  HAMS. 

BT    WILLIAM   TOUATT,   V.S. 

AuUkor  of  «<T1m  Hcnm,"  «< The  Dog,"  "Cattle,"  "  Sheep."  Ac,  && 

tLLORBAisD  ymu  ainxrmm  muwv  noM  ur  bt  wouam  baxtst. 

In  ana  K«iw<««wi*  dnoderimo  Tolimw,  extn  dioth,  or  inneat  p^wr  cover,  piioefiO  oeuia. 

Tliii  woikfOB  asatiject  oompentMIy  natfenUid,  mint  prove  of  much  oaa  to  ftinflii,eapeda]Ij 
fai  tfaii  ooiiiiti7,Kiiiere  the  Fig  ii  an  animal  of  mora  importaooe  than  eleewhen.  No  vroik  haa 
hithflrtoappearadtraatiiif  fUIyof  thavariooalneediof  8wine,theirdiaea8ea  and  ears,  1»eediii(, 
ftttening,  &&,  and  the  preparation  of  baoon,  salt  pork,  hams,  Ao,  while  the  name  of  the  anthor  of 
''The  Hcsae,"  "The  Cattle  X)oetor,"dE&,i8aaffloieatanthoii^lbr  all  ha  may  state.  To  nndtrit 
mora  aoeeesDtde  to  thoee  tiiiom  tt  paitlcailarijy  interests,  tiie  poblidieri  have  prepared  oopiea  in 
neat  iUnstrated  paper  ooven,  snitable  Ibr  tninamissinin  hy  mail ;  and  wtiidi  will  be  aaot  thfo«|ii 
Uie  postKiOoe  OB  the  reoaipt  of  flft7  osnts,  ftee  of  postage. 

CLATER  AND  YOUAirS  CATTLE  DOCTOR. 

BYBRT  MAN  HIS  OWN  CATTLE  DOCTOR: 

CONTAINING  THE  CAUSES,  SYMPTOMS  AND  TREATMENT  OF  ALL 

DISEASES  INCIDENT  TO  OXEN,  SHEEP  AND  SWINE; 

AKD  ▲  SKBTCH  OF  TBS 

ANATOMY  AND  PHYSIOIXIGY  OF  NEAT  CATTLE. 

BT    FRANCIS   OLATBR. 

BDITBIS  RBTISBD  AMD  ALMOaT  BB-WXITTBR,  BT 

WILLIAM  YOUATT.  AUTHOR  OF  "THE  HORSE." 

WITH  HUXSROUS  ADDITIOirS, 

EB1BRACIN9  AN  ESSAY  ON  THE  USE  OF  OXEN  AND  THE  IMPROVEUENT  IN  THE 

BREED  OF  SHEEP, 

BY  J.  8.  82ZNVEB. 

WITH    NUXBK0X7S    CUTS    AHD    ILLUSTRATIOHS. 

In  one  ISmo.  volame,  cloth. 

"  As  its  title  would  import,  It  is  a  most  valoable  worli,  and  slioald  be  in  the  hands  of  eveiy  Ame- 

xiean  Ihnner ;  and  we  feel  proud  in  saying,  that  the  Talne  of  the  woik  has  been  great]  j  enhanced 

bj  the  oontribations  of  Mr.  Skinner.    Clater  and  Yonatt  are  names  treasured  by  the  ftnniog  eon- 

mimities  of  Europe  as  houaahold-gods ;  nor  does  that  of  Skinner  deserre  to  be  leas  esteemed  In 


CLATER'S  FARRIER. 

EVERT  MAN  HIS  OWN  FARRIES: 

CONTAINING  THE  CAUSES,  SYMPTOMS,  AND  MOST  APPROVED  METHODS  OF  CURB 

OF  THE  DISEASES  OF  HORSES. 

BV  F&ANOZS  OZiATBBy 

Author  of  "  Eieiy  Man  his  own  Cattle  Doctor," 

AND  HIS   SON,   JOHN   CLATER. 

FIR8T  AMERICAN  FROM  THE  TWENTY-EIGHTH  LONDON  EDITION. 
WITH    HOTKB    AHD    ADBI  TIO  If  S, 

BV   J.  8.  SXINBraB. 

IB  one  ISmo.  volame,  dotb. 


leX  and  blanchard's  publications. 


HAWKER  AND  PORTER  ON  SHOOTING. 

INSTRUCTIONS  TO  YOUNG  SPORTSMEN 

IN  ALL  THAT  RELATES  TO  GUNS  AND  SHOOTING. 
BT  LIEUT.  OOL.  P.  HAlItrKER. 

nOM  THK  BVLiJMKD   AJTO   OIPIOTVD  ITTSTH  LOVDOV  KDRIOV. 

TO  WHICH  IS  ADDBD  THE  HUNTING  AND  SHOOTINO  OF  NORTH  AMERICA.  WITH 

DC8CRIFT10NS  OF  ANIMALS  AND  BIRDS.  CAREFULLY  COLLATED 

FROM  AUTHENTIC  SOURCES. 

BT  1¥.  T.  PORTER,  SSO* 

KDROK  Of  TBI  X.  T.  anEIT  Of  THS  TDCn. 

In  one  Urge  oetavo  ▼olume,  rich  extra  clolb,  wilb  namerou  Illuetntioni. 

*Ran  to  a  toeft)  •  Iiaad4iook^  ratliara  text-book— oaa  that  oontaini  the  whole  nratine  of  the 
ieieiioe.  It  ia  the  Primer,  the  Laxiooii,  and  the  Homer.  Eveiythin^  is  here,  from  the  mfaioteet 
poitioa  of  a  gm-lock,  to  a  dead  BoflUa  The  eportveiaa  who  read*  th»  book  ondeinhindiuftly,  m^ 
paai  aa  anmiaatioiL  He  will  know  the  eeieooe,  and  majr  give  adTioe  to  otfaen.  Every  nortamaai 
and  ^Mntamen  are  plentiAU,  ehonld  own  thie  work.  It  efaoald  be  a  "  vade  moeum."  He  ehoiila 
.  be  enmined  on  to  oontedts,  and  eotimated  bj  hie  abOitiee  to  anawer.  We  have  not  been  withoot 
treattoee  on  the  art,  but  hitherto  they  have  not  deooended  into  all  the  minutia  of  etjuipmenti  and 
quaMflcattona  to  proeeed  to  the  oompletioo.  Thii  work  eoppUee  defldenciee>  and  ooaifiletee  the 
qwrtaman'k  library.'*— 17.  S.  Oecette. 

"Nomaniatheooontrythatwe  wotof  iaiowell  celoalatedee  our  ftioad  of  the 'Spirit' for  the 
talk  he  hae  undertaken,  iaA  the  remit  of  his  lafaoon  hae  been  that  he  haa  tnmed  oat  a  work  which 
ihonld  be  hi  the  handa  of  erery  man  in  the  land  who  ownt  a  donble-barrelled  gntL^—N.  O.  ^ioagtme. 

*  A  Tolume  eplendidly  printed  and  boonJ.  and  emhf  lliehed  with  nomerooa  beaotiftd  eniraTian, 
whkh  wDl  doDbtleei  be  in  greet  demand.   No  eportaman,  kideed,  oaght  to  be  wlthoat  it,  fRiile  the 


general  reader  will  find  in  iia  pegea  a  fond  of  cariooe  and  oealiil 

Y  O  U  A TT    ON    ThIb  So^ 


Wk^. 


TBB  DOa-, 

BT    WILLIAM    YOUATT, 

Author  of  "  The  Hone,**  dca 
WITH   NUMEROUS    AND   BEAUTIFUL   ILLUSTRATION'S. 
EDITED  BT  E.  J.  LEWIS,  M.D.  te.  ko. 
In  one  beaatifally  printed  rolnme,  crown  ootava 
LIST  OF  PLATES. 
Bead  of  Bloodhoond- Aadent  Orerhoanda— The  Thibet  Dof—The  Dhico,  or  New  HoUaad  Dog^^ 
The  Danish  or  Dalmatian  Dor— The  Hare  Indian  Dog— The  GrBrhoand— The  GreeianGreyhoand 
—Blenheims  and  Cockers— The  Water  Spaniel— The  Poodle— The  Alpine  Spaniel  or  Bemaidine 
Doff— The  Newfoundland  Doff— The  Esqaimaoz  Dog^Tbe  English  Sheep  Dof— The  Sootch  Sheep 
Doc— The  Beadle— The  Harrier— The  f  ozhoood— Plan  of  Goodwood  Kennel— The  Southern 
Hoand— The  Setter— The  Puiiitei^The  Bull  Dog^The  Maatiff-The  Terriei^-Skeleton  of  the 
Dog— Teeth  of  the  Dog  at  seven  different  agon, 

*  Mr.  Yoaalt*s  work  is  invaluable  to  the  student  of  canine  history;  it  is  fhll  of  enteitainittg  and 
inatniotive  matter  for  the  ffeneral  reader.  To  the  sportsman  it  commends  itself  Y»  the  large  amoont 
of  osafhl  information  in  reference  to  his  peculiar  [luniuits  which  it  embodies— laforauUaoa  which 
he  cannot  find  elM where  in  ao  oonvenient  and  uc'.,c.vsible  a  form,  and  with  ao  reliable  aa  aathority 
to  entitle  it  to  hia  oonsidoAiiion.  The  modest  preface  which  Dr.  Lewis  haa  made  to  the  Amerioaa 
aditioa  of  thto  worit  aoaroely  does  Justice  to  the  additional  valoe  he  has  imparted  to  it;  and  the 
pobliahers  are  entitled  to  grsat  credit  ier  the  handsome  manner  in  whkh  they  have  got  it  op."— 


THB  8PORT8MAK'8  ZiZBRABT, 

OR  HINTS  ON  HUNTERS,  HUNTING,  HOUNDS,  ^HOOTING,  OAMJS»  DOGS,  GUNSL 

FISHINO,  cbURSlNG;&e.,  4o.  ^^ 

BT  JOBH  MILLS,  ESQ., 

Author  of  '*The  Old  Ikigliah  Gentleman,"  Ae. 

In  one  well  printed  royal  duodecimo  volume,  extra  cloth. 


8TA8I1B  T 

OR  SPECTACLES  FOR  YOJJUQ  SPORTSMEN. 

BT  HABBT  BIEOVEB. 

In  one  veiy  neat  duodecimo  Tolomo,  extra  elotlL 

"  Theae  lively  aketchea  anawer  to  their  title  very  welL  Wherever  Nimrod  to  welcome,  there 
ahould  be  cordial  ffraetlng  for  Harry  Hieover.  Hia  Dook  to  a  very  olerar  one,  and  oontaina  many 
iaatmetive  hints,  aa  well  aa  mnch  light-hearted  readfagi"— Jftwwrfaer. 


TBB   BOO-  A»B  TBB  8POBT8BEABr, 

EMBRACING  THE  USES.  BREEDING.  TRAINING,  DISEASES.  ETC..  OF  DOGS.  AND  AN 
ACCOUNT  OF  THE  DIFFERENT  KINDS  OF  GAME,  WITH  TiXlR  HABtTS. 
AlMOf  HiAta  to  Bhootera,  wlUk  Tarloiaa  umIU  RActpetf  Acm  < 

BT  J.  8.  82ZVVBR. 
WIlhFlatea.   Ia  one  very  neat  ]ABavolaBe,eidtra  doth. 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 

FRANCATELLrS  MODERN  FRENCH  COOKfRY. 

THM    MODERN    COOK, 

A  FBACmCAL  GUIDE  TO  THE  ODUNARY  ARTjIN  ALL  ITS  BRANCHES,  itfAFlJED  AS 
WELL  TOR  THE  LARGEST  ESTABLISHMENTS  AS  FOR  THE  USE 

OF  PRIVATE  FAMILIES. 

BY  CHARLES  ELMfi  FRANCATELLI, 

Papa  of  the  oelebnted  Careme,  and  lata  Uaitra  D^otel  and  Chief  Cook  to  her  M^Jestj  the  Quean. 

In  one  large  octavo  volume,  extra  eloth,  wit&  nnmeroua  illuitrationa. 

**  It  appears  to  be  the  book  of  booka  on  oookery,  befai;  a  moat  comprehenaiTe  treatise  on  that  art 
preserrathe  and  oonaenmtiro.  The  work  oomprisea,  in  oae  I&n^  and  elegant  octaro  Tolqnie,  1147 
redpes  fin*  oooUnr  dishes  and  deamts,  with  nnmerons  inostnitions ;  also  bills  of  fiire  and  direc- 
tions for  dinnen  m  evarr  month  in  the  year,  tat  oompaaiea  ot  six  peiaona  to  twenty-eigtit.— Mist 


"The  ladies  ^irbo  read  our  Magazine,  will  tttaak  ns  for  calUng  attention  to  this  neat  work  on  the 
noble  sdenoe  oi cocking,  in  whioh  ereiybody,  who  has  any  taste,  feels  a  deep  and  abiding  interest. 
FraocatelU  is  the  Plato,  the  Shakspeare,  or  the  Napoleon  of  hia  department ;  or  perhaps  the  La 
Fiaoe,  for  his  perfomance  bean  the  same  relation  to  oidinaiy  conk  books  that  the  Meoanique 
Celeste  doee  to  Daboli's  Aritbmetia  It  is  a  laige  octavo,  profhsely  illnstrated,  and  oontams  every- 
thing on  the  phfloat^hy  of  making  dinnen,  suppers,  etc.,  that  is  worth  knowing.— GroJtan'sJIfaiHMine. 

MISS  ACTON'S  COOKERY. 
asoDBBsr  oooKSBrr  xm  AiiXt  in  bbajtobbs, 

REDUCED  TO  A  SYSTEM  OP  EASY  PRACTICE,  FOR  THE  USE  OF  PRFVATE  FAMILIBB. 

IN  A  SERIES  OF  PRACTICAL  RECEIPTS.  AU«  OP  WHICH  ARE  GIVEN 

Wrrk  THE  MOST  MINUTE^ACnSnEU. 

BT   BI<IZA   AOTON. 

WITH  IHTHSROUS  WOOD-CUT  ILLUSTRATIOITS. 

TO  WHICH  IS  ADDED,  A  TABLE  OP  WEIGHTS  AND  MEASURES. 

TBK  wBOUt  aansKD  Airo  nusp^axD  fob  AHcatcAir  HouaEKSBraia. 

BY  MRS.  SARAH  J.  HALE. 

From  the  Second  London  Edition.    In  one  large  ISmo.  rolame. 

**  Mna  Eliza  Acton  may  congratulate  herself  on  having  compoeed  a  work  of  great  atililj,  and  one 
that  is  speedily  finding  its  way  to  every  'dresser*  in  the  kingdom.  Her  Cookery-book  »  unques- 
tionably the  most  valuable  compendium  of  the  art  that  has  yet  been  pnblished.  It  strongly 'inod- 
oates  economical  principles,  and  points  out  how  good  things  may  be  concbcied  without  that  reck- 
less extravagance  which  good  cooks  have  been  wont  to  imagine  the  best  evidence  they  can  give  of 
skill  fan  their  profession.  "—Xoadott  Momhig  Pott 

THE  COMPLETE  COOK. 

PLAIN  AND  PRACTIOAL  DIRECTIONS  M  COOKING  AND  HODBMlllPINQ. 

•WITM  UPWARDS  OF  SEVEN  HUNDRED  REOEZPTS, 

GoDsiating  of  Direotions  for  the  C%oioe  of  Meat  and  Poultry,  Preparations  for  Cooking;  Making  of 

Brotha  and  Soupe ;  Boiling,  Roeating.  Baking  and  Firinir  of  Meats,  Fish^  &o. :  Seasonmga, 

Ooloiinxs,  CookingVegetables ;  Preparing  Salacn  ,*  Clarifying ;  Making  of  Ffestry, 

Puddings,  Xrmels,  Gravies,  Garnishee,  Ac.  &a,  and  with  general 

Directions  for  making  Wmea. 

WITH    ADDITIONS    AND    ALTBRATIORS. 

RY  J.   M.   SANDERSOU, 

OP  rm  nxsjojs  hoobb. 

In  one  small  volume,  paper.    Prioe  only  Twenty-five  Cents 

THE  OeMHifriiNFECfio^^^  BAKER. 

FLAIV  AND  PEACTIGAL  DIKBCTIONS 

FOB  MAKING  CONFECTIONARY  AND  PASTRY.  AND  FOR  BAKING. 

WnS  UPWARDS  OF  FIVE  HUNDRED  RECEIPTS, 

ConaiBtbig  of  Dbvctions  for  makittir  eU  •"rts  of  Preaerves,  Sa^r  Boiliag,  Comfits,  Lagwngai, 

(Anaaaental  Cakee.  hwa.  Liqueurs,  Waters,  Gum  Paste  Ornaments,  Svrups,  Jellies, 

ManBaladesiOonpatss.  Bread  BakiBE,  Artificial  Yewta,  Pancy 

BiftmttB,  Caxes.  RoQi,  Vii9)»>^turts,  Pies,  ^.,  iui, 

WITH    ADDITIONS    AND    ALTERATIONS. 

BT   FAREIirSON, 
nucTioai«  aoMfBononn,  cHBOTNirr  tnicBT. 

In  one  snail  volume,  paper.   P,riDa  onlf  Twenljr-fiee  Qantai 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 


SCHOOL  BOOKS. 


8CHMITZ  AND  ZUMPrS  CLASSICAL  SERIES. 

VOIiVBCH    I* 

G.  JUIill  GiBSARIS 

COMMBNTARII  DE  BELLO   OALLICO. 

WITH  AN  nmtODDCmON,  NOTB,  AlID  ▲  OfiOORAPHKUL  mOtZ  IN  ESOUSB, 

AL80,  A  MAP  or  0AI7L,  AND  ILLCSTRATtW  BNORAVING& 

b  oM  hawtionm  iflmo!  tqIqem,  «ifcri  doth. 

TUi  Bertai  has  been  placed  under  tbe  editorial  raanafement  of  two  amineni  adwlan 

and  practical  teacben,  Dft.  tkanM%  Beetor  of  tbe  High  Seliool,  Bdinlmifli,  and  Db. 

ZOBTT,  Froftawr  in  Hie  Okiveiaitir  of  Berlin,  and  wHl  eonbtae  tbe  Ibllowinf  adtan- 

tafesi' 

1.  A  gTBdiiallj  McandlBf  MiiM  of  School  Books  on  a  naifonn  plan,  ao  ••  to  eonilltate  wlthia  a 
dafinita  noi^Mr,  a  ooaiplNa  Latin  Cnnlaalinn. 

a.  CaitaiB  amiigMiwnli  In  tbe  radtoantaiy  toImbm,  whieli  will  inmm  a  lUr  amomt  of  know- 
ledto  In  Rmnaa  Itteratim  to  thoei  who  un  net  deajgiied  ibr  pruftaiional  life,  and  wlio  tharefbia 
will  not  requin  to  eztond  their  itailiM  to  tha  adTaaosd  portion  of  tho  aenea. 

3.  Tbe  test  of  oaah  anUior  will  be  Moh  at  haa  been  eomtit&tad  brilM  mpA  nmA  onlhrtjwia  nf 
nnnQscripta,  and  will  be  preftoed  tw  Uographical  and  critical  rfcetenaa  in  EnfMi,  that  pmiAi  nil^ 
be  made  aware  f  f  tlia  ehaiaoler  and  peealiaritioa  of  the  woiic  thi9  aaa  aboot  to 

4.  To  remoTe  difflenltieo,  and  soatain  an  inteiwt  in  tlie  text,  ezplanatorjr  notea  in  Bta^irii  will 
be  placed  at  the  foot  of  each  paffOiaad  audi  oomiiarinna  drawn  aa  May  awa  to  onlte  tiia  Uitaiy 
of  the  peat  with  the  realitiaa  wmoaem  timea. 

&  The  works,  raieraliy,  will  be  enibeOiriied  ^rtA  mape  and  illvtiallva  onfTailngaj   annniiiniBl 
BMUts  which  wiUcMatljaamt  th*  atadeakli  ooinprehwMioa  of  Ihn  natun  of  the  eooatiiea  and 
Icaiting  oireamstancei  described. 

6.  The  rsspeetlTa  Tolomee  win  be  laraad  at  a  price  conriderdrif  late  than  that  nanallj  eharted ; 
and  as  the  tezta  an  from  the  most  eminent  souses,  and  the  wlu>Ie  series  oonstraoted  noon  a  d»> 
tennfaiate  pUn,  the  practice  of  issninv  new  and  altered  ediUaai^  whidi  Is  complained  u  alike  br 
teachers  and  papOs,  will  be  altogeOiar  avoided. 

From  among  tbe  tcatimoniahi  wblcb  tbe  pabliaben  bave  reeeited,  tbey  append  tbe 
IbllowUif  10  dioir  tbat  the  Myn  of  Uw  aeilea  tan  Been  Bdly  aad  atteoaaiABy  eanrled 
oat}—  _ 

^^»s^n#n^w  AA^IP^B  p^n^^a^wy  ^  ^s^a^Mva  ^fM^^v  ^^^Ks  m^^h  ■• 


I  haTO  been  mndi  pleaesd  with  wrar  edMon  of  Gnass^  OdHe  Warn,  bein^  part  of  Schmita  and 
Zumpfk  classical  aenea  tar  achpom.  The  work  seems  hwpilf  adapted  to  the  wanta  of  leamen. 
The  notes  ctmtain  mnch  tdoablb  inlbmation,  oonctaslf  and  accoretely  expresssd.  and  on  the  pointa 
that  really  require  eloddation,  wUBe  at  the  saaM  time  the  book  is  not  rendered  tirsaome  and  ex- 

Cnsive  bj  a  nselees  array  of  men  learning.    The  text  is  one  in  hifh  reputo,  and  yoor  reprint  of  it 
pleesinf  to  the  eye.   1  talBs  craat  pleaaam  ia  ODnuneading  the  pnblicatldn  to  the  attention  of 
teacben.   It  will,  I  am  perannaed,  commend  itself  to  all  who  give  it  a  fur  examination. 

Very  Keapectihlbr,  Yoor  OM.  Servt^ 

JOHN  a  HART. 
TolleaBn.Lsa*]naadiarl  frme^  PkUa.  Ogk  ScioeL 

OOTflanoi  ^  Jyn^  2B,  lfl47. 

The  editfoa  of «  Osnart  CoBmantaitaa,**  embtMad  la  the  Osmiad  floaticn  of  ClMunbeia^  Edn- 
catioBd  Coone,  and  riven  to  the  Vforid  under  the  awpioes  of  Die.  Schmita  and  Znmpt  has  m- 
csivad  from  me  a  candid  exaaunatkn.  I  have  no  hesitation  in  sayina,  tliat  the  desin  expressed  in 
the  notice  of  the  pnblisfaers.  hse  been  sncoessftilly  aooompliahed,  and  that  the  work  is  well  calcu- 
lated to  beeome  popalar  and  nsaftiL  The  teat  appeal*  to  be  onexoeptionable.  The  mmatatioms 
embnoe  in  oondenaed  form  soch  valuable  faiibmwtioa,  aa  must  not  only  AdUtato  the  research  of 
the  aeholar.  but  also  i**""nW'T  to  tetlmr  inquiry,  without  snooiirsgiBg  mddence.  Thia  is  an  im- 
portant feature  in  the  rixht  pnwecntion  of  daancd  studies,  which  ought  to  bemgremaaraUy  un- 
derstood and  appradatel  H.  HAySRSTlCK, 

Pnf.  ^Ametmt  Lm^mtm  OiHinlJSgh  Scteoi,  PMla. 


P.  VIRSILII  MARONIS  CARMfflA. 

NOW  READY. 


■■ 


LEA.  AND  BLANCHARD'S  PUBLICATIONS. 


SCHOOL  BOOKS. 


BIRD'S  NATURAL  PHILOSOPHY. 

NOW  READY. 

ELEMENTS  OF  ITATURAIi  PIHIiOSOPHT, 

Bsnio  Air  xxnanoEHTAL  mrftODucnoN  to  tbb  PHrnaAL  mdbnobi. 

IIAUaniATBD  WITH  OTBft  THRKB  HUnkB  BD  WOOlMnm. 

BY  GOLDING  BIRD,  M.D., 

Aflriatut  Fhjmam  to  Giiy'*  HoqiitaL 

FROH  THE  THIRD  LONDON  EDITION. 

In  one  neaA  voliuna. 

"BjrthfS  ippeannBa  of  Dr.  Biri^'warii,  the  itadait  has  nowtll  that  ha  em  darin  tai  oaa  neat, 
eoDdae,  and  well-dicMted  Tolame.  The  elemonts  of  nataral  philoaophf  are  etplaiimd  In  vaiy  alniF 
pie  langoaffa,  and  illoatrated  by  nmaerons  wooA<atMJ*—MeiKal  QoMeae. 

• 

ARNOTT'S  PHYSICS, 

EIiElHENTS  OF  FHTSICS;  OR,  NATURAL  PHILOSOPHY, 

GEKERAL     AND     MEDICAL.      '>^ 

WRITTEN  FOR  UNIVSftSAL  USE,  IN  PLAIN,  OR  NON-TECHNICAL  LANOUAOB. 

BT  VZEZiZi  ARHOTT,  M.D. 

A  NEW  EDITION,  BT  ISAAC  RATS,  M.D. 

(Tomplete  in  ona  octavo  volume,  with  nearly  two  handred  wood^cnta. 

lliii  ttandard  work  has  been  louff  and  fiiroozablj  known  as  one  of  the  best  popfolar  erpoaitioBi 
of  the  faiterestingsdenoe  it  treats  OL    ItiseztenairelynsedlnmaDjroftheflrstaenilnaiiea. 

ELEMENTARY  CHEMISTRY,  THEORETICAL  AND  PRACTICAL. 

BY  GEORGE   POWNES,  Ph.  D., 

Cheaaioal  Lsctorar  in  the  MJddlesax  Hoqiital  Medical  School,  Aa,  Ao. 
WITH   irtrMERO08   ILLUSTRATIOirS. 

BDITIDf  WITH  ADDITIOKSy 

BY  ROBERT  BRIDGES,  M.D., 

lYoifesaor  of  General  and  Fharoaoaatical  Chemistiy  ia  the  Philadelphia  College  of  Phannacjr,  Ac,  Ae. 

SECOND    AMERICAN    EDITION. 

Id  one  large  daodedmo  volume,  aheqi  or  extra  clotb,  with  nearly  two 

hundred  wood-cute. 

The  character  of  this  work  is  audi  as  to  recomwwnd  it  to  all  onPegea  and  academiea  la  want  of  a 
teit-book.  It  is  faMj  bronght  up  to  the  day,  contaiatoir  all  the  (ate  views  and  disuiteiies  Uiat  have 
so  entirely  changed  the  noe  or  the  aoienoe,  and  it  is  ouniileCeljr  illortrated  with  very  namenms 
wood  engTartngs,  eiplanatoiy  of  all  the  different  prooeass  and  Ibrna  of  anparains.  Though  striolly 
adentifio,  it  Is  written  with  great  eleanieas  and  snnpUcity  <tf  style,  rendeimg  it  easy  to  beoompm- 
hended  or  those  who  are  oommenoinir  the  study. 

It  may  be  had  well  bound  in  leathar,  or  neatly  done  up  in  smog  doth.  Its  low  price  plaeea  E 
within  the  reach  of  aU. 

BREWSTER'S  OPTICS, 
axsaisairvs  or  ovtzos, 

BY  SIR  DAVID  BREWSTER. 

WXTB  NOTM  AND  ADDITIONS.  BT  A.  D.  EACtlE,  Ll.D. 

Superintendent  of  the  Coest  Surrey,  Sea. 

Ib  one  volmae,  EteOn  With  BoaMPOna  wood-cEttL 


LEA  AND  BLANCHARO'S  PUBLICATIONS. 


SCHOOL  BOOKS. 


BOLMAR'S  FRENCH  SERIES. 

New  editions  of  the  following  works,  by  A.  Boufin,  forming,  in  con- 
nection with  *'  Bohnar's  Leviiac,"  a  complete  series  for  the  acquisition  of 
the  French  langoage. 

A  8EIiECnON  OF  OH E  HUNDRED  PEBRnfS  FABLB, 

ACCOMPAKIBD  BT  A  KEY, 

CoBtainiaff  the  text,  a  literal  and  ftee  tranilatloa,  arraarai  la  raeh  a  maaaer  ai  to 

point  oat  the  differanee  bttwaea  Um  Fraoch  and  Snglitli  Idiom,  fre..  In  1  yol^  Itao. 

^  A  COLLECTION  OF  COLLOQUIAL  PHRASES, 

OH  BVXRT  TOPIC  NBCB88ART  TO  MAINTAIN  00NTBB8ATI0N, 

Arraagad  nnder  di  Arent  Iwads,  with  aumeroui  reniarlM  on  the  peeuUar  pronanciation 
and  uMi  of  Tarioui  wordi ;  tbe  whole  lo  dispoeed  as  eoaiiderablx  to  Adliute  the 
aoquialtioa  of  a  eorreet  pronunciation  of  the  French,  in  1  vol.,  Ifimo. 

LES  AVENTURES  DE  TELEMAaUE  FAR  FENELON, 

In  1  Tol.,  ISma,  aeeompanied  bj  a  Ker  to  the  flrtt  eif  ht  boolw,  in  1  vol.,  ISmo*.  ooa- 
uiniBf,  like  the  Fables,  the  text,  a  literal  and  ftee  traaalatioB,  iatended  as  a  seqnal 
to  the  Fables.   Bither  voIbbm  sold  separately. 

ALL  THE  FRENCH  TERRS, 

Both  regular  and  irregular,  in  a  small  voIbbm. 

nPUER'S  PHYTTcsT" 

NOW  RBAD7. 


PRINCfPLES  OF  PHYSICS  AND  METE0R0L06Y. 

At  J.  HULLBR, 

ricfcsair  of  fhiiiosat  the  Oairorri^y  of  Priebaig. 

B>  win  MBABiiT  rrra  Huainau  An  nFrr  bmbutim  oa  woosb  am 

oolemma  PLATaa 

In  one  octaVo  ▼olnme. 

This  Edition  is  improved  by  the  additioa  of  varioas  artietaa,  and  wiO  be  ftoad  in 
erary  respect  bronght  up  to  the  time  of  pnblicatioa. 

"Ae  Fbyrioi  of  KnUsr  Is  a  wotk.  enpetb,  complete,  naiqae:  tbe  greateit  want  known  to  Sagm 
lish  ;ScMnoeooiild  not  have  been  better  mipplied.  The  work  is  of  soriMniiv  interest.  ThoTalne 
of  this  oontribntioa  to  the  Maentifio  leooids  of  thli  country  roar  be  duly  eatiinated  by  the  ftct,  that 
the  oosi  of  the  original  drawings  and  engraTiags  alone  hat  esDBeeded  the  som  of  auXU.'^— ZeaciC. 
Maioh,Uk7. 

BUTLER'S  ANCIENT  ATLAS. 


OF  AKOZairT  OR 

BT  SAMUEL  BUTLER,  D-D^ 
Late  Lovd  BUiop  of  LttehHsU, 
ooaTAiaow  Twaarf  ■ohb  ooLovaaa  KAas,  ama  a  ooi 


In  one  octavo  volame,  half*boaad. 

BUTLER'S  ANCIENT  GEOGRAPHY. 

aaOORAPHXA  0Z.A88Z0A, 

OR,  TBE  APFLIOATION  OF  ANCIENT  OEOORAPBT  TO  TBE  CLAflBIOBL 

BT  8AMT7BL  BT7TLER,  D.D.,F.R.8. 

RBYISED  Vf  W8  SON. 

tan  AMBSKAir,  vbom  thb  last  Loaiwa  mnum, 

WITH  QUESTIONS  ON  THE  MAPS,  BT  lORN  FROST. 

la  one  daodadmo  voIobm,  half'boiiod,  to  matck  the  Atlaa. 


LEA  AND  BLANCHARD'S  PUBLICATIONS. 


SCHOOL  BOOKS. 


WHITE'S  UNIVERSAL  HISTORY. 

LATELT    PUBLX399D, 

aZiBMaiTTS   OF  ViriVBaSAXi  BZaTORT, 

ON  A  NEW  AND  SYSTEMATIC  PLAN; 

FAOM.TBE  BAKLIE8T  TIMES  TO  THE  lUBATT  OF  'VIENNA;  TO  WHICH  IS  ADDIED  A 

SUmiARY  OP  THE  LEADING  EVENTS  5HJCE  THAT  PERIOD,  FX)R  THE 

USE  OF  SCHOOLS  AJJD  PRIVATE  STUDBNTa 

87  B.  WBZTE,  B.A., 

TBIHITT  OOLLSOX,  OAMBSIDCB. 

WITH  ADDITIONS  AND  QUESTIONS, 

BY  JOHN  8.  BARTi  A.M., 

Prindpal  of  the  Fklladelphia  High  School,  and  PiDfeaar  of  Monl  and  Hoiital  Sdenoe,  ^c^  A& 
In  one  rolame,  lar^e  duodecimo,  neatly  bound  with  Maroon  Backs. 

This  work  is  nrranged  on  a  oew  plan,  which  is  believed  to  combine  the 
advantages  of  those  tonnerlv  in  use.  It  is  divided  into  three  parts,  corre- 
spondinff  with  Ancient,  Middle,  and  Modern  History ;  which  parts  are  again 
subdivided  into  centuriea,  so  that  the  various  events  are  presented  in  the 
order  of  time,  while  it  is  so  arranged  that  the  annals  of  each  country  can  be 
read  consecutively,  thus  corabiningthe  advantages  of  both  the  plans  hitherto 
pursued  in  works  of  this  kind.  To  guide  the  researches  of  the  student, 
there  will  be  found  numerous  synoptical  tables,  with  remarks  and  sketches 
of  literature,  antiquities,  and  mannexs,  at  the  great  chronological  epochs. 

The  additions  of  the  American  editor  have  been  principuly  confined  to 
the  chapters  on  the  history  of  this  country.  The  series  of  questions  by  him 
will  be  found  of  use  to  those  Who  prefer  that  system  ormsti^iction.  For 
those  who  do  not,  the  publishers  have  had  an  edition  prepared  without  the 
questions. 

This  work  has  already  passed  through  several  editions,  and  has  been 
introduced  into'  many  of  tb«  higher  Schools  and  Academies  throughout  the 
country.  From  among  numerous  recommendations  which  they  have  re- 
ceived, the  publishers  annex  the  following  ironi  the  Deputy  Superintendent 
of  Gomraoa  Schools  for  New  York : 


} 


state  of  New  York. 
AOtm,  OcL  141ft,  ]0«& 


SecretafT^  Office, 
Departmeni  of  Coou&oD  Schooh. 

Jfeoft.  Lea  4  BhM^ard: 

Gentiaun>~l  hare  ewminfid  the  oopf  of  "Whiteli  Unirenal  EBstoiy,"  which  yon  wen  ao 
obliging  aa  to  send  me,  and  cheerfoUj  and  Ailly  concur  in  the  oommendatiooa  of  ita  valoe,  ea  acom- 
prehenaiTe  and  enlightened  soirey  of  the  Ancient  and  Modern  World  which  many  of  the  nnet  com- 
petent judges  have,  aa  I  paroeive,  already  bestowed  upon  It  It  appears  to  me  to  be  admirably 
adapted  to  the  pnrpoees  of  oar  pnblic  achodlB ;  and  Lnnhesitatingly  approTe  of  ita  intradnctioB  iaio 
thoaa  iegntaa|i«i  of  alaiMnitaqr  teatroctioDk  ¥107  i<Qay«ct|alUr,  your  obedient  senaafi, 

SAMUEL  S.  RANDALLi 
Dtftitt  Supcrtntoidoii  CoiHnton  Schoou, 

7Uaw«ktoadminUyaaloaIatadfiirlN[rtifot  and  otharlibrariea:  an  aditioa  ton  Ikat  paxpose 
without  qneatioos  has  bean  pnparad,  done  np  In  atioic  <floth. 

H€flSGHELUS  ASTRONOMY, 

JL  TBBATZSJP  QZr  ASTBOBTOWB;  . 

BY  ;fiIR  JOHN  P.  W.  HERSCHEX.L,  F.  R.  &,  &o. 

WITH  HmCEKOCa  tULVa  AJ^q  WOOD^tTTa. 

A  MEW  EDtTIQH,  WITH  A  PREFACE  aND  A  SEIZES  QT  QUESTIONS, 

BY  S.  O.  WALKER. 
la  one  volaifke,  13910. 


w» 


LEA  AND  BLAKCHARD'S  PUBLICATIONS. 


LAW   BOOKS. 


HiUIARD  ON  REAL  ESTATE. 


NOW  RBADT. 


TBS  ABDESaZOAir  X.AW  OF  KBAJm  PB0PEAT7. 

SECOND  EDITION,  REVISED,  COBKECTEO,  AND  ENLAKOED. 

BY   FRANCIS  HILLIARD, 

OOUXtBLLOE  AT  LAW. 

In  two  large  oetavo  volamei,  beaatiAiIljr  printed,  and  bound  in  best  taw  aheep. 

This  book  is  designed  as  a  substitute  for  Cnuaa'f  Digettt  occupying  the 
same  fround  in  American  law  whic^  that  work  has  wnjg  corered  in  the 
English  law.  It  embraces  all  that  portion  of  the  Enghsh  L«w  of  Real 
Estate  which  has  any  applicability  in  this  country ;  and  at  the  same  thne  it 
embodies  the  statutory  provisions  and  adjudged  cases  of  all  the  States  upon 
the  same  subject ;  thereby  constituting  a  complete  elementarj[  treatise  for 
American  students  and  practitioners.  The  plan  of  the  work  is  such  as  to 
render  it  equally  valuable  in  all  the  States,  embracing,  as  it  does,  the  pecu- 
liar modifications  of  the  law  alike  in  Massachttsitts  and  Missouri,  New 
YoKK  and  Mississirpi.  In  this  edition,  the  statutes  and  decisions  subse- 
quent to  the  former  bne,  which  are  very  numerous,  have  all  been  incorpo- 
rated, thus  making  it  one- third  larger  than  the  xirifinai  work,  and  bringmg 
the  view  of  the  law  upon  the  subtject  treated  quite  down  to  the  present  tune. 
The  book  is  recommended  in  the  highest  terms  by  distinguished  jurists  of 
different  Statea,  as  will  be  aeen  by  the  subjoined  extracts. 

"  Tht  woik  bttfora  ns  rapplira  thia  defldency  in  t  highly  mtiBftctoiy  maimer.  It  la  bajond  all 
qoeatkm  the  beat  woik  of  the  kind  that  we  now  hatre,  and  althoogh  we  doubt  whether  thia  or  any 
other  wwk  will  be  likely  to  anpplant  CruiiA  Digeat,  we  do  not  hedtaite  to  aay,  thifc  of  the  two, 
thia  ia  the  more  TaloaUe  to  the  American  Imwyer.  We  congntnlate  the  aathor  npon  the  aqooeaa- 
ftd  aooompliafament  of  the  aidaooa  tnak  he  nndertocdi,  in  redocing  the  raat  body  of  the  American 
Law  of  Real  PpDpeity  to '  portable  aize,'  and  wb  do  not  doubt  that  hia  laboon  will  be  duly  appre- 
ciated by  the  profeaaion."— £e»  Reporter,  Atio.,  I64A. 


Judge  Story  aaya  :->*  I  think  the  work  a  treiy  valuable  addition  to  our  preient  atoek  of  Juridical 
literature.  It  embraoee  all  that  part  of  Hr.  Cmiae'k  Oigett  which  ia  moet  oaeM  to  American  law- 
yen.  But  ita  hither  value  ia,  that  it  preaenta  in  a  conciae,  but  clear  and  exact  ibrm,  the  aubatanoe 
of  American  Law  on  the  aame  aulgect  1  know  no  work  that  w$  paueti,  tifhote  pnetkal  vtttUr  ii 
SkdftoheMexteiuw^/dt,'"  *'lliewonderii,  that  the  aathor  haaboaoabla  to  Inug  so  great  a 
maaa  bito  ao  oondeoaed  a  text,  at  once  compxisheqitye  an4  lodfV" 


Chanodkr  Kent  aaya  of  the  work  <Canunentaiiea,  voLiL|  p.  63^  note, 5th  edition)  .*- 
of  great  labour  and  intrinaio  Talue." 


'Itiaaworic 


Hon.  RuAie  Choata  ei^:— ^Mr.  Haiianfa  woifc  haa  been  Iboc  thcee  er  Ibor  yean  ra  uae,  and  1 
think  that  Mr.  Juatioe  Story  and  ChaqoeUor  Kent  axiveaa  the^general  opinkm  of  the  Maaaaohoaetta 
Bar." 

rroftwwr  Oreenleaf  aaya :— ^  I  had  already  found  the  flrat  edition  a  veiy  oonvenient  hook  of  ^el^ 
ranee,  and  do  not  doubt,  from  the  appearance  of  the  aecond,  that  it  ia  greatly  improred." 

Profeaaor  J.  H.  Tbwnaend,  of  Tale  College,  aaya  :— 

**I  have  been  acquainted  for  aeveral  yean  wtth  the  flnt  edition  of  Mr.  Hmiaxd'a  Treatiae,  and 
have  ibrmed  a  very  faToar«fato'ap)aio^  of  H.  1  h0«  nddoitfit  tli^  iMMd  edjtioD  will  be  found  even 
more  valuable  than  the  flnt,and  1  aball  be  happy  to  recommend  itnt  may  hav4  opportunt^.  I 
know  of  no  other  wortc  on  the  eoljeot  of  Baal  B»tat<,ao  oompcahemrtve  and  ao  wall  adapted  to  the 
atate  of  the  law  in  thia  oonntiy." 


LEA  AND  BLANCHARD'S  PUBUCATIONS. 


LAW  BOOKS. 


ADDISON  ON  CONTRACTS. 


TBSATISB  our  THB  JmA'W  0F  OOmnAOTB  AXfD 


BT  G.  6.  ADDISON,  ESQ., 

Of  th*  buMT  Ttaiple,  BmMir  at  Lmr. 

la  oae  Ydliiaie,  oetavoi  bandiooidy  bound  in  law  aheap. 

In  this  treatise  upon  the  moat  constantly  and  freonently  administered 
branch  of  law,  the  author  has  collected,  arransed  and  developed  in  an  intel- 
ligible and  popular  form,  the  rales  and  principles  of  the  Law  of  Contracts, 
and  has  supported,  illustrated  or  exemplified  them  by  references  to  nearly 
four  thousand  a4iadged  cases.  It  comprises  the  Rignts  and  Liabilities  of 
Seller  and  Purchaser ;  Landlord  and  Tenant ;  Letter  and  Hirer  of  Chattels ; 
Borrower  and  Lender ;  Workman  and  Employer ;  Master,  Servant  and  Ap- 

Srentioe ;  Principal,  Agent  and  Surety ;  Husband  and  Wife ;  Partners ; 
oint  Stock  Companies ;  Corporations ;  Tmstees:  Provisional  Committee- 
men; Shipowners;  Shipmasters;  Innkeepers;  Carriers;  Infants;  Luna- 
tics, &c 

WHEATON'S  INTERNATIONAL  LAW. 
aXiBMairTS  or  zKTaairATXoirAX.  ZiAnir. 

BY  HENRY  WHEATON,  LL.D., 

Wniiter  of  the  United  States  at  tfaa  Court  of  Boris,  ftc 

THIRD  EDITION,  REVISED  AND  CORRECTED. 

In  one  laifs  and  baaatlftil  oetavo  votaaie  of  <90  psfaa,  extra  doth,  or  flae  law  aheepw 


"Ur.  Whaaton^  woA  to  IndfapamaMe  to  awry  diplomatiat,  ■mtawnari  aad  lawjar,  and  i 
indeed  to  an  pnUio  II10B.   Tbav«rphJlaB(^)hkandUbenIniind,tlia  atadranitbaaaattiaalhw, 
and  In  the  handi  of  oar  aottaar  it  ia  a  delifhitflii  0Ba."->JVbrft 


HILL  ON  TRUSTEES. 


A  PRACTICAL  TREATISE  ON  THE  LAW  BELATINS  TO  TRU6TBE8, 

THBIR  POWEES,  DUTIES,  PRIVILEGES  AND  LIABILITIBS. 

BT  JAMBS  RILL,  B8Q., 

Of  fta  bmar  Teaiplab  Baniater  at  Lam 

EDITED  BT  FRANCIS  J.  TRO0BAT, 

OfthanOadalplilaBar. 

In  oaa  laife  oeUTO  Toloina,  beat  law  liieep,  taiaad  baada. 

**!%•  aditar  bega  lea?a  to  ItcnU  the  dbaamitioB  made  bjr  tha  anthor  that  the mifc  la  inteadad 
pHw^iiy  ibr  the  iutraotioa  and  guidanoe  of  tiaataaa.  iW  aiofle  featora  vaiy  nooh  anhanoea 
itapraotkalTaloB.** 

/utruvuuuT-nAnr>nnnnr»'ii~i'«~"'*'7~~  —— |—-|f«|-|-(- -■----  — —-^  -  -  -  - 

ON  THE  PRINCIPLES  OF  CRIMINAL  LAW. 

In  oaa  Itett  voiQiia,  papar,  prka  SS  eanta. 

BEtNO  PART  10^  OF  "SlfALL  B00S8  ON  fiRSAT  SUmfiCTS." 


J 


LEA  AND  BLANCHARirS  PUBLICATIONS. 


LAW  BOOKS. 


•vxHoa'*  aavzTTj'vazsDzoTxoir. 

THS  EpmE  JDBI8DIGTI0N  OF  THE  COM  OF  GMW. 

COMTKISIirO 

ITS  RISE,  PROGRESS  AND  FINAL  ESTABLISHMENT. 

TO  WHICH  IS  PREPDCED,  WITH  A  VIEW  TO  THE  ELUCIDATION  OF  THE  MAIN  SUB- 
JECT. A  CONCISE  ACOOUNT  OF  THE  LEADING  DOCTRINGS  OF  THE  COMMON 
LAW,  AND  OF  THE  OOURfB  OF  FROCl^DRE  IN  TBE  COURTS  OF  COM- 
MON LAW,  WITH  REGA^ TO  CIYILRIQHTS;  WITH  AN  ATTEMPT 
TO  TTIACE  THEM  TO  'ITiErR  SOURCES:  AND  IN  WHICH 
THE  TlBIpUS  ALliiRATIONS  MADE  BY  THE 
LB^SLATtJIlB  DOWN  TO  THS  PRESENT 
IST  are  NOTICED. 

BT    OBO&OE   8»EH0S,  SSQ., 

One  of  bar  Msjeaty^  CouiimL 

IN    TWO    OCTAVO    VOLUMES. 

Vfrfvme  L,  embndBf  the  Piindplee,  it  now  read/.   Voltune  IL  is  rtpidir  pnpuinc  and  wfll 
«r  early  in  1848.  It  ie  baied  upon  the  wofk  of  Mr.  Meddeek,  brouiht  down  to  tut 
,  and  efflbracnv  lo  mnoh  of  the  praotioe  aa  ooonael  an  called  on  to  adYiae  apon. 


I 


I 


CONTATNING  EXPLANATIONS  OF  SUCH  TECHNICAL  TERMS  AND  PHRASES  AS  OCCUR 

IN  THE  WORKS  OF  LEGAL  AUTHORS,  IN  THE  PRACTICE  OP  THE  COURTS 

AND  IN  THE  PaRUAMENTARY  PROCEEDINGS  OF  THEHOOSE  OF  LORDS 

AMD  COM^IONS,  TO  WHICH  IS  ADDED.  AN  OUIJINE  OF  AN 

ACTWN  AT  LAW  AND  OF  A  SUIT  IN  EQUrTY. 

BT   B£HRT   JAMES  BOI.TRO0SE,  ESQ^ 

Of  the  Inner  Temple,  Spedal  Pleader. 

SDTTBD  FROM  THE  SSCOITD  AlfD  ENLABeS>  LOlfDON  BDIXION, 

WITH  NUMEROUS  ADDITIONS, 

BT  HBNBT  PBNINOTOIT, 

Of  the  PhiladelpUa  Ber. 

In  one  tarfe  volttne,  royal  ISmo.,  of  abont  200  i>agM,  doabl«  eoluiniia,  bandaomelF 

bound  in  law  ataeep. 

"  Thia  ia  a  eonaiderable  bnprovement  upon  the  Ibrmer  editioni.  befaii  bomid  wiUi  the  nraal  law 
bindjmff ,  and  the  geaernl  eseeatftoo  adinirable->the  paper  ezoallent,  and  me  pnBlfng  dear  and 
beaatmiL  Its  peculiar  naeftdneaa,  howeTar,  oonsiaia  in  the  valaable  addition!  aboM  referred  to, 
beinf  intelli^ble  and  well  deviMd  deflnitlaiiB  of  nich  jriiraaea  and  teehnioalitiee  u  are  peoaliar  to 
the  pnotice  in  the  Coarts  of  thia  oountiy.— While,  therefore,  we  reoommend  it  espedallr  to  the 
■tudente  of  law,  as  a  laft  guide  thronrh  the  intrioaoiee  of  their  study,  it  wiU  neTeitheleas  be  fbond 
a  Taloable  aoqnisition  to  the  library  ot  the  pnetitiQiier  himael£"— iJer.  OazttU. 

**  This  work  is  intended  rather  ibr  the  feneral  atndent,  fhaa  aaa  anbstitate  fbr  manf  idnidgmenti, 
difesta,  and  dictianariee  in  q«b  b^  tbe  profeasional  man.  ba  otriect  principalis  is  to  impvess  aooa- 
nualf  and  distinctly  i4»q  the  nund  the  meaning  of  theteduuoal  terma  of  the  law.  and  aa  sodi 
can  hardly  fiul  to  be  ^nerellv  nseM.  There  la  much  corioua  inlbnnation  to  be  foond  in  it  in  ve- 
gan] to  the  pecoliariiies  of  the  aodent  Saxon  law.  The  additions  of  the  American  ed^ioa  give 
BMsreaaed  value  to  the  woric,  and  emoe  muoh  aocoiBft^  and  oai*."— jPnmiyiiittHa  Lam  JcmnaL 

A  PRACTICAL  TREATISE  ON  MEDICAL  JUKISPBUOENCE. 

BT  ALFRED  S.  TAYLOR, 

Lectnrer  on  Medieal  Jwiapudenoe  and  Cbemiitiy  at  Gvy'sBttudtal,  London. 

With  numerooB  Notes  and  Additions,  and  References  to  American  Law, 

BY  R.  E.  ORIPriTH,  M.D. 
III  one  TolmAe,  octavo,  neat  law  shaepL 


OF  TOXZOOZ-OaT. 

IN  OSB  NEAT  OCTAVO   VOLUMB. 

A  mw  WDB2,  HOW  nnADT. 


OUTLINES  OF  A  COURSE  OF  LECTUBE8  ON  MEDICAL  JUKI8FRUDENCE. 

IE  Om  SMALL  OCTAVO  VOLUXS. 


LAW  BOOKS, 
e  AS  T'S    REPO  RT8. 

ABPOATS  OF-OASBS 

ADJUDGED  AND  DETERMINED   IN   THE   COURT 

OF  KINO'S  BBJJfOH. 

WITH  TABLES  07  THE  NAMBS  OF  THE  CASES  AND  PRINCIPAL  UATTER& 

BT   EDWABD   HTBE   EAST,  S8Q., 

Of  the  IhiMf  Temrlet  BanMer  at  Law. 

SDITBD,    WITH    VOTES    AND    SEFBRIH0E8,. 

BT  a.  M.  WHAHTOir.  ESQ., 
Of  Che  Philadelphia  Bar. 

In  eight  larfie  royal  octavo  Tolamei,  boand  in  beet  law  sheep,  raieed  bandi  and  doable 
titlea.    Price,  to  aabecribere,  only  twenty-ftve  dollars. 

In  this  edition  of  East,  the  sixteen  yolumes  of  the  iarmbr  edition  have 
been  compressed  into  eight — two  volumes  in  one  throughout — but  nothing 
has  been  omitted;  the  entire  work  will  be  found,  with  the  notes  of  Mr. 
Wharton  added  to  those  of  Mr.  Day.  The  great  reduction  of  price,  (from 
$72,  the  price  of  tlfe  last  edition,  to  825,  the  subscription  price  ot  this,) 
together  with  the  improvement  in  appearance,  will,  it  is  trasted*  procure  foi 
it  a  ready  sale. 

A  NEW  WO*RK  ON  COURTS-WABTIAL. 

A  TREATISE  ON  AKERICAN  MILITAfiT  LAW, 

AlfD  THE 

PRACTICE  OF  COURTS-HARTIAL, 

WITH  SDGOESTIONS  FOR  IHEIR  lUPROVIEBIBNT. 

BY  JORH  O'tfBXEN, 

usvrsvAJiT  uniTU)  njLna  jjtiiLLttT. 

In  one  octavo  volome,  extra  clotb,  or  law  sheep. 

"This  woife  ataada  relatively  to  AnwflBaii  Militaiy  Lair  to  the  same  posltioa  that  BteAstone^ 
ConmieotBries  stand  to  Common  Law.**—  U.  S,  OoMette, 

CAMPBELL'S  LORD  CHANCELLORS. 


LIVES  OP  THE  LORD  CHANCELLORS  AND  KEEPERS  OP 
TUB  GREAT  SEAL  OF  ENGLAND, 

FROM  THE  EARLIEST  T™ES  TO  THE  REISN  OF  KIN&  OBOROE  IT., 

BT  JOHN  LORD  CAMPBELL,  AJi.,  F.R.S.E. 

FIRST    8XBRIR9* 

In  ttiree  neat  detny  oq^vo  volumes,  extra  doQi, 
BRINQHrO  THK  WORK  TO  THE  ^fTMB  OF  JAMES  H,  JT7ST  OSniD. 

FREFARIir«, 
SKOOBD  fttRIBS, 

hi  ftyar  volmnes,  to  match, 

CONTAINING  FROM  JAlfSS  H.  TO  OBORGE  IT. 
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